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Abstract 
 
A palaeoenvironmental history and correlation of the deep Crag sequence in East 
Anglia is presented in terms of processes rather than purely biostratigraphic concepts.  
A critical review of the historic correlations and palaeoenvironmental interpretations of 
the Crag demonstrates that the biostratigraphical interpretations include weak 
assumptions that led to a poorly defined and unreliable paradigm.  
 
The base of the Crag surface was mapped and revealed NE-SW trending ridges and 
troughs, formed largely by Pre-Crag fluvial erosion, that cross an easterly dipping 
surface bounded to the north by the uplift associated with the Dowsing-Hewett Fault 
Zone and to the south by the Ipswich-Felixstowe high.  
 
The lithologies and sedimentology of key sites at the margin of the basin around 
Norwich are described and combined with a comprehensive review of borehole data, 
across the basin, including gamma-ray logs, to propose a new lithostratigraphical model 
of the Crag basin.  Three lithostratigraphic units, separated by silty clay marker beds, 
have been defined and the upper marker bed equates with the Chillesford Clay Member. 
The heavy mineral assemblages indicate the sediments were derived predominantly 
from the east and were deposited in shallow coastal to inter-tidal environments on the 
southern North Sea basin margin.   The Crag sediments progressively onlapped the 
margins of the basin and infilled an accommodation space that increased eastwards as 
the basin subsided.  The top of the Crag sequence is a polygenetic erosional surface 
beneath the Westleton Beds, or the Wroxham Crag, or fluvial sands and gravels, or 
glaciofluvial and glacial deposits.  A distinctive quartzose gravel in the Norwich area 
has been interpreted as evidence for an early, eastward flowing River Bytham to the 
north of its later route through Suffolk. 
 
Syndepositional subsidence also occurred in the southwest (Stradbroke Trough) area 
and differential movement of basement blocks occurred during the Early and Middle 
Pleistocene, particularly on the NE-SW Framlingham Chalk ridge across East Suffolk. 
The base of the Crag has also been tilted by much later regional uplift in the west and 
southwest. 	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modified from Mathers and Zalasiewicz, 1988. National grid squares 
are 10 km. 
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4.8.   Map of the depth to the base of the Crag in northeast Norfolk with 
borehole data points used to construct the contours. For location: see 
Figure 4.7. Contours are in metres. Areas where depth to the base of 
the Crag is anomalously deep (possible later glacial/glaciofluvial 
erosion) are shaded yellow. National grid squares are 10 km. 
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4.9.   Map of the depth to the base of the Crag in east Suffolk with borehole 
data points used to construct the contours.  Dotted contours are taken 
from Moorlock et al. (2000), Figure 15. For location: see Figure 4.7. 
Contours are in metres. National grid squares are 10 km. 
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4.10. Map of the depth to the top of the Chalk in northeast Norfolk with 
borehole data points used to construct the contours. For location: see 
Figure 4.7. Contours are in metres. National grid squares are 10 km. 
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4.11. Map of the depth to the top of the Chalk in east Suffolk with borehole 
data points used to construct the contours.  Dotted contours are taken 
from Moorlock et al. (2000), Figure 15. For location: see Figure 4.7. 
Contours are in metres. National grid squares are 10 km. 
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4.12.  Contour map of the base off the Crag and top of the Chalk. The thick 
black lines are the position of sections in Figure 4.13, the thick red 
lines show the location of the cross sections in Figure 4.14 and the 
numbered thin black lines those in Figure 4.17 Data derived from 
Figure 4.6; Dixon, 1979; Bristow, 1983; Mathers and Zalasiewicz, 
1988, McKeown and Samuel, 1985. 
 
 
 
 
 
147 
	   16	  
  
4.13. Two cross sections across the Crag basin showing the ridge and trough 
character of the surface and the subcrop geology.  Cross section Y – 
Y’ is redrawn from Figure 5 in Hamblin et al., 1997. For locations of 
the cross sections see Figure 4.12. 
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4.14. Cross sections across the Crag outcrop in Essex showing  the relation 
of the Crag to the underlying subcrop geology and the influence of 
glacial erosion and the fluvial erosion by Early Pleistocene rivers that 
deposited the Kesgrave Sands and Gravels.  From Mathers and 
Zalasiewicz (1988).  
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4.15. Map of the main morphological features of the basal surface of the 
Crag basin and the locations of the numbered cross sections in Figure 
4.16. See Figure 4.6 for key. The 30 easting and 00 and 80 northings 
grid lines referred to in the text are shown in red. Contour interval is 
10 m. National grid squares are 10 km. 
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4.16. Fourteen northwest – southeast cross sections across the Crag basin in 
East Anglia showing the Pre- Quaternary geology and the presence of 
Crag only. The locations of the sections are shown in Figure 4.15 and 
vertical dashed line on the sections is the position of the 30 
easting.grid line (the figure extends over three pages). 
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4.17. Three cross sections across the faulted Crag basins  interpreted by 
Bristow in Suffolk. See Figure 4.12 for location. From: Bristow, 1983, 
Figure 4. 
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4.18. Structure map on the top of the Hales Clay Member of the Harwich 
Formation (Eocene). Contour interval 10 metres. Shaded area is region 
where Crag is absent. National grid squares are 10 km. 
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4.19. Cross section along the coast from near Orford in the south to 
Happisburgh in the north showing the shape of the base Crag surface 
and that of the underlying Chalk.  
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4.20 Three cross sections of the Hales Ridge showing the relationship of the 
base of the Crag to the top of the Chalk. Map is of the depth to the 
base of the Crag. For location of map see Figure 4.7. 
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4.21. Cross section of the Ludham Ridge to show the relationship of the base 
of the Crag to the top of the Chalk. National Grid square is 1 km. For 
location see Figure 4.7. 
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4.22. Cross section from the Hales Ridge to the Sizewell trough to show the 
relationship of the different Palaeogene units to the Chalk 
Framlingham ridge. The line of section passes to the north of 
postulated faults. For location see Figure 4.7. 
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4.23. Distribution of the Coralline Crag in the Aldeburgh-Orford area and 
form of the underlying London Clay surface showing pre-existing 
trough beneath Orford.  Contours on the London Clay surface are in 
metres OD.  From Balson et al., 1993, Figure 2. 
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Chapter 5 The depositional and palaeoenvironmental record of the 
Crag basin of East Anglia. 
  
  
5.2.1.Early Pleistocene and early Middle Pleistocene fluvial and offshore 
palaeogeography of midland and eastern England and the adjacent 
North Sea basin.  The heavy lines indicate main drainage trajectories 
based on long established valley systems and Early and early Middle 
Pleistocene sediments.  The distribution of the lithostratigraphic units 
is given, along with the location of outcrop of distinctive indicator 
lithologies that were transported by the river systems to the coastal 
zone. The location of Norwich is indicated by the red dot. From Rose 
et al., 2001, Figure 2. 
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5.2.2.The relief of the top of the Chalk in the area around Norwich. Sources 
are Harvey and others (1973) and Arthurton et al. (1994) with 
modifications based on outcrop data and BGS borehole data from 
Nickless (1971).  Small blue dots 9 – 3 are for NW Interceptor and 5 – 
20 are for Rising Main (RM) borehole locations from Funnell (1961) 
and Figure 5.2.69.  Section X – Y is shown in Figure 5.2.67 and the 
boreholes used are shown with small red dots. Coloured dots show 
locations with quartzose gravels and references. The area where the 
Crag is present is taken from Figure 9 in Cox et al. (1989) with 
modifications. National grid squares are 5 km.  
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5.2.3 Schematic SW – NE cross section of the post Chalk geology to 
illustrate the stratigraphy of the Norwich area. From Nickless, 1971, 
Figure 3. 
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5.2.4.Chalk pit at Whitlingham, near Norwich showing glacially buckled 
Chalk and Crag (From: Woodward, 1887, p. 468). The section is no 
longer visible and the pit lay to the east of the Whitlingham pit shown 
on Figure 5.2.2 (Wood, 1988).  
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5.2.5.Map of locations mentioned in the text. 179 
  
5.2.6.Location map for the two Bramerton pits, the boundaries of the S.S.S.I. 
(in red) and the location of the trial pits excavated for this study. 
National Grid squares are 100 m. 
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5.2.7. Comparison of simplified sections of various authors (From 
Cambridge, 1979): A - Common Pit (Taylor, 1824b); B - Common Pit 
(Funnell, 1961); C and D Blake's Pit (Cambridge, 1975) and E - 
Common Pit (Woodward, 1882). 
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5.2.8. Section of the Crag strata at Bramerton (From Taylor, 1824b, Plate 
XLVll). 
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5.2.9. The Chillesford Clay estuary and the distribution of the pebbly 
gravels.  Key: + are principal exposures of the Chillesford Clay;  = = is 
the course of one of the Rhine estuaries; dotted area indicates 
distribution of pebbly gravel. From Harmer, 1910a, Figure 22. 
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5.2.10. Summary of the palaeoclimatic interpretations of the pollen and 
fossils at Bramerton in Funnell et al. (1979) shown on their sections. 
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5.2.11. Location of Blakes’s Pit and trial pits. 195 
5.2.12. Location and topographic cross section showing the elevations of the 
top and base of each trial pit at New Plantation, Bramerton.  The 
section is a straight line from Blake’s Pit to Pit 8, other pit elevations 
projected onto the cross section. For location of pits see Figure 5.2.11. 
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5.2.13. Stratigraphic location of samples, with numbers, collected at 
Bramerton. 
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5.2.14. Composite lithological cross section compiled from trial pit 
exposures at Blake’s Pit and New Plantation Bramerton.  Particle size 
class terminology follows Wentworth (1922) except that clay is 
defined as < 2 microns. 
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5.2.15. Bramerton, Blake’s Pit. Photograph of Unit 1 and Subunit 2a in Trial 
Pit 1. The boundary between the two units is at 45 cm on the staff. The 
scale is in centimetres. 
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5.2.16. Bramerton, Blake’s Pit. Particle size distribution of sediment samples 
from Unit 1. Sample locations are shown in Figure 5.2.13 and 
summary analyses are in Table 5.2.7. 
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5.2.17. Bramerton, Blake’s Pit. Composite lithological section of Unit 2 
showing Subunits and palaeocurrents determined from bedding 
structures within each Subunit.   
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5.2.18. Bramerton, Blake’s Pit. Particle size distribution for sediment 
samples from Subunit 2a ( < 2 mm fraction). Sample locations are 
shown in Figure 5.2.13 and summary analyses are in Table 5.2.7. 
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5.2.19. Bramerton, Blake’s pit. The section shows Subunit 2b.  The base of 
Subunit 2c is marked with arrows (C).  The base of the shell bed (S) is 
marked with an arrow. 
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5.2.20. Bramerton, Blake’s Pit. Particle size distribution for sediment 
samples from Subunit 2b ( < 2 mm fraction). Sample locations are 
shown in Figure 5.2.13 and summary analyses are in Table 5.2.7. 
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5.2.21. Bramerton, Blake’s Pit. The top of Subunit 2b and the erosional 
surface at the base of Subunit 2c which is marked by arrows “c” at the 
top of Blake’s Pit. Arrow “1” points at the cross-bedded muddy sands 
lying above buried sand ripples.   Arrow “2” points at the interbedded 
clayey silt and sand. 
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5.2.22. Bramerton, Blake’s Pit. Particle size distribution for sediment 
samples from Subunit 2c (< 2 mm fraction). Sample locations are 
shown in Figure 5.2.13 and summary analyses are in Table 5.2.7. 
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5.2.23. Bramerton, Blake’s Pit. Particle size distribution for sediment 
samples from Subunit 2d (< 2 mm fraction). Sample locations are 
shown in Figure 5.2.13 and summary analyses are in Table 5.2.7. 
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5.2.24. Bramerton, Blake’s Pit. Section through Subunit 2e in Pit 3.  The 
base of upper shelly horizon at 0.5 m on the staff (10.95 m OD).  The 
scale is in centimeters. 
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5.2.25. Bramerton, Blake’s Pit. Composite lithological section of Subunit 2e 
annotated with data on larger molluscs provided by Dr P.E.P. Norton. 
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5.2.26. Bramerton, Blake’s Pit. Particle size distribution for sediment 
samples from Subunit 2e (< 2 mm fraction). Sample locations are 
shown in Figure 5.2.13 and summary analyses are in Table 5.2.7. 
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5.2.27. Bramerton, Blake’s Pit. Particle size distribution for sandy gravel 
samples from Unit 2. The Subunit from which each sample came is 
shown in parenthesis. Sample locations are shown in Figure 5.2.13 and 
summary analyses are in Table 5.2.8. 
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5.2.28. Bramerton, Blake’s Pit. Particle size distribution for sediment 
samples from Subunit 2f (< 2 mm fraction). Sample locations are 
shown in Figure 5.2.13 and summary analyses are in Table 5.2.7. 
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5.2.29. Bramerton, Blake’s Pit. Section through vertical dipping silty clay 
and disturbed blocks (on the left) of silty clay in sand in Subunit 2f in 
Pit 4.  The scale is in centimeters. 
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5.2.30. Bramerton, Blake’s Pit. Micrograph of thin section through “silty 
clay” showing vertical laminations, and horizontal and vertical 
bioturbation infilled by sand (“1”) and by silt followed by sand (“2”). 
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5.2.31. Bramerton, Blake’s Pit. Particle size distribution for sediment 
samples from Subunit 2g ( < 2 mm fraction). Sample locations are 
shown in Figure 5.2.13 and summary analyses are in Table 5.2.7. 
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5.2.32. Bramerton, Blake’s Pit. Section through wavy and parallel bedded 
sands, muddy sands and silty clay near the top of Subunit 2g in Pit 4. 
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5.2.33. Bramerton, Blake’s Pit. Composite lithological section of Unit 3 and 
palaeocurrents determined from bedding structures. 
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5.2.34. Bramerton, Blake’s Pit. Particle size distribution for sediment 
samples from Unit 3. Sample locations are shown in Figure 5.2.13 and 
summary analyses are in Tables 5.2.7. and 5.2.8. 
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5.2.35. Bramerton, Blake’s Pit. Section through festoon trough cross-
bedding near the base of Unit 3 in Pit 5.  The arrow marks a zone with 
rounded, indurated silty claystone clasts lying on a foreset. 
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5.2.36. Bramerton, Blake’s Pit. Section through part of Unit 3 in Pit 6 
showing planar, tabular cross-bedded sands separated by horizontal 
gravels.  The arrow marks the gravel lag at the base of the channel and 
the base of Unit 4 at ~ 19m O.D. 
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5.2.37. Bramerton, Blake’s Pit. Composite lithological section of Unit 4 and 
palaeocurrents determined from bedding structures. 
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5.2.38 Bramerton, Blake’s Pit. Particle size distribution for sediment 
samples from Unit 4. Sample locations are shown in Figure 5.2.13 and 
summary analyses are in Tables 5.2.7. and 5.2.8. 
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5.2.39. Bramerton, Blake’s Pit.  Erosional surface at base of Unit 4 with 
gravel filled scour at base (immediately to the left of the staff) that 
undercuts sediments of the underlying Unit 3. Note the separate gravel 
horizons (samples 54 and 52 in Figure 25, sample 51 was collected at 
the lowest point) within Unit 4 that converge up the slope (out of shot 
on left of picture). Southwest corner of Pit 6. 
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5.2.40. Bramerton, Blake’s Pit. Section through middle part of Unit 4 in Pit 
7 showing horizontal gravels separated by cross-bedded sands and 
gravelly sands partially truncated by dipping erosional surface with 
thick coarse, rounded gravel lag in the base.  Arrow at 21.75m O.D. 
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5.2.41. Bramerton, Blake’s Pit. Section showing the boundary (arrow “5”) 
between the massive sandy diamicton of Unit 5 and the underlying 
cross-bedded sands of Unit 4 in pit 8.  Scale in centimeters. 
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5.2.42.  Map of current outcrops (and probable source areas) for main clast 
lithologies found in Early to early Middle Pleistocene sediments in 
East Anglia 
 
 
244 
  
5.2.43.  Bramerton, Blake’s Pit: clast lithological analysis of the 8 – 16 mm 
fraction from 25 samples. The blue line marks the boundary between 
the flint and quartzose components and the red line the boundary 
between the quartzose and the other components. 
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5.2.44. Bramerton, Blake’s Pit: Bivariate plot of the main “far travelled” 
components in the 8 - 11.2 and 11.2 – 16 mm gravel fractions for 
Units 3 and 4. The values are expressed as a percentage of the total 
sample. 
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5.2.45.  Bramerton: Ternary plot of the quartzose elements in different 
gravel fractions for Units 3 and 4 (quartz + quartzite + hard sandstone 
= 100%) 
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5.2.46. Bramerton: Ternary plot of the principal components for different 
gravel fractions of Units 3 and 4 (Quartzose + chattermarked flint + 
non-chattermarked flint = 100%).  Only samples where n ≥ 50 are used 
for 16 – 32mm fraction. 
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5.2.47. Bramerton, Blake’s Pit: Bivariate plots of the mean size, by weight, 
of the gravel fraction (> 2mm) against the percentage of quartz and 
some intercomponent ratios derived from the 8 -16 mm fractions of 
gravels in Units 3 and 4. 
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5.2.48.  Bramerton: heavy mineral analyses and sample locations annotated 
with lithological Units and heavy mineral Units (HM)  
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5.2.49.  Bramerton: bivariate plot of the Garnet:Zircon index against the 
modal grain size of the sand fraction (< 2 mm) for each sample in the 
different HM units. 
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5.2.50. Bramerton: bivariate plot of the Heavy:Light, heavy mineral ratio 
against the modal grain size of the sand fraction (< 2 mm) for each 
sample in the different HM units. 
 
 
264 
  
5.2.51. Bramerton: Bivariate plot of heavy heavy: light heavy mineral ration 
versus the garnet:zircon index of Morton and Hallsworth (1997) for 
each of the samples classified by Heavy Mineral Unit (see Figure 
5.2.48). 
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5.2.52. Geological map showing the provenance of clast and heavy mineral 
lithologies commonly found in East Anglia.  Superimposed upon this 
is the preglacial drainage and approximate position of the coast line 
(Figure 5 from Lee, 2009). 
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5.2.53. Graphical representation of percentage of the heavy mineral 
composition of shallow marine, fluvial and glacial outwash samples 
from Early to early Middle Pleistocene sediments in northern East 
Anglia (From Lee et al., 2006).  The data from Bramerton are 
superimposed for comparison. 
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5.2.54. Summary of the data and interpretation of the section at Bramerton. 
The intervals shaded light grey are probably colluvium or disturbed 
ground. 
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5.2.55. Possible route of early Bytham river through Norwich (red dot on 
map). The better known, later course of the Bytham across East Anglia 
(dashed blue line) was probably adopted as the result of river capture. 
Map based on that in Rose et al. (2001). 
 
 
 
279 
  
5.2.56. Bivariate plots of flint: quartzose ratios and coloured:colourless 
quartzose ratios for the various Pre-glacial formations, taken from 
Rose et al. (2001) with data from Bramerton added.  Clast fraction 
used  8 – 16 mm. 
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5.2.57 Location map of key Crag sites (black squares) to the south east of 
Norwich.  Red and grey lines are roads. The solid black line shows the 
line of section in Figure 5.2.67 and the red dots are the boreholes 
projected into that line of section. The blue dots indicate the location 
of the boreholes used in Figure 14 of Funnell (1961) that are discussed 
in the text. Scale and orientation are shown by the National Grid 
squares at 1 km intervals. 
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5.2.58  Sections of the Quaternary sequence in Caistor St Edmund Pit circa. 
1988. For the location of sections, see Figure 5.2.59 and for 
description of units, see Table 5.2.13. From Postma and Hodgson, 
1988, Figures 51 and 52. 
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5.2.59. Map of Caistor St Edmund pit (grey area) showing locations of 
sections A and B of Postma and Hodgson (1988) in Figure 5.2.58. 
(since removed by quarrying).  The numbered stars refer to locations 
discussed in the text. 
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5.2.60 Caistor St Edmund. View of the Quaternary section, looking 
southeast along the northeastern edge of the pit from just south of 
Location 1 on Figure 5.2.59.  The top of the Chalk is approximately 75 
cm below the track. The tips of the arrows mark the position of the 
extensive gravel lag of Unit E of Postma and Hodgson (1988).  The 
Buddleia bushes tend to grow where silty clay channel infills are 
developed within the underlying Unit D. 
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5.2.61. Caistor St Edmund. Section at Location 1 on Figure 5.2.59 with 
Units of Postma and Hodgson (1988), the clast lithological 
components of the 8 – 16 mm gravel fraction and the heavy mineral 
assemblages. Locations of samples are marked on the section log. 
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5.2.62. Caistor St Edmund. Photograph of Location 1 taken before digging 
out the exposure.  The lithological Units are discussed in the text. The 
upper part of the gravels on top of Unit G is probably not in situ. 
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5.2.63. Caistor St Edmund.  Section at Location 2 on Figure 5.2.59 with 
Units of Postma and Hodgson (1988) and the clast lithological 
components of the 8 – 16 mm gravel fraction. Locations of samples 
are marked on the section log. 
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5.2.64. Caistor St Edmund. Particle size distribution for sediment samples 
less < 2 mm. For location of samples see Figures 5.2.61 and 5.2.63. 
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5.2.65. Caistor St Edmund. Particle size distribution for sandy gravels. For 
location of samples see Figures 5.2.61 and 5.2.63. 
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5.2.66. Caistor St Edmund. Photograph of the section exposed at Location 3 
in Figure 5.2.59 showing interlayered beds of fine sand and laminated 
silty clay and very fine sands above muddy sands with a bioturbation 
index of 4 (above the top of the trowel 
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5.2.67. Caistor St Edmund.  Unit D. Rounded bimodal sandy flint gravel 
overlain by finely laminated micaceous clay and silt within channel at 
Location 1, Figure 5.2.61. 
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5.2.68. Caistor St Edmund.  Unit F. Fine sands with development of 
bioturbation below a probable erosion surface. For location see Figure 
5.2.61 
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5.2.69. Cross section of the post-Chalk geology between Bramerton and 
Chapel Hill. See Figure 5.2.2 and 5.2.57 for the location of section and 
boreholes. Boreholes are indicated by their BGS reference number, but 
without the prefix TG20. Units are described in the text. 
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5.2.70. Bivariate plots of flint: quartzose ratios and coloured:colourless 
quartzose ratios for the various Pre-glacial formations, taken from 
Rose et al (2001) with data from Bramerton, Caistor St Edmund and 
Chapel Hill added.  Clast fraction used 8 – 16 mm. 
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5.2.71. Borehole logs from Funnell (1961) through the Crag and quartz rich 
gravels in the Norwich area.  Vertical scale in feet, 70’ = 21.3 m. For 
location see Figure 5.2.2 or 5.2.57 
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5.3.1. Schematic correlation of Red and Norwich Crag deposits in East 
Anglia, assuming correlation of the Chillesford Clay with the Easton 
Bavents Clay and with deposits of Pre-Pastonian a age (correlations 
emphasized with diagonal ornament). Correlations with the 
Netherlands' sequence following Gibbard et al. (1991) also shown. 
Unconformities shown in the sequence are interpreted from 
biostratigraphical data. From: Zalasiewicz et al., 1991. Fig. 11. 
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5.3.2. Boreholes in the Crag of East Anglia drilled since 1950 for which 
palaeontological data is available. Blue dots are the Royal 
Society/UEA boreholes. The Langley Grange and Hales Hall 
boreholes have important lithostratigraphic, but no palaeontological, 
data. The Crag is absent in the coloured area.  For details of sources, 
see text.  National grid lines are at 10 km interval.  
 
 
 
 
 
324 
  
5.3.3. Boreholes with wireline geophysical logs. The Crag is absent in the 
coloured area. Blue dots are the Royal Society/UEA boreholes and red 
dots are the Waveney Valley observation boreholes.  For details of the 
sources, see text and for the logs available see Table 5.1. The Crag is 
absent in the coloured area. National grid lines are at 10 km interval. 
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5.3.4 The most common idealised log curve shapes which may be 
correrlated with many different core examples. The multiple possible 
environmental interpretations are illustrated below each curve. Log 
curve shapes, in the absence of other data, are not diagnostic of 
particular environments.  The vertical scale of the log shapes can vary 
from metres to tens of metres. From: Cant, 1992, Figure 7.  
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5.3.5. Ormesby borehole: GR log, magnetic polarity, particle size for sand 
fractions, lithological log. Arrows indicate position of photographs in 
Figures 5.3.6, 5.3.7 and 5.3.7.8. Arthurton et al.’s (1994) Lithofacies 
Units: 1 = subtidal sands or shelly tidal channel sands within intertidal 
sediments; 2 = tidal mud flats; 3 = tidal sand flat; Unit 4 is not given. 
Data from: Cornwell, 1984; Harland et al., 1991 (Figure 5); Arthurton 
et al., 1994 (p.38).  
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5.3.6. Ormesby borehole. Photographs of cored intervals that illustrate some 
of the key lithological elements. For location of photographs see 
Figure 5.3.5.  Scale is in centimetres. 
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5.3.7. Ormesby borehole. Photographs of cored intervals that illustrate some 
key lithological elements. For location of photographs see Figure 
5.3.5.  Scale is in centimetres. 
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5.3.8. Ormesby borehole. Photographs of cored intervals that illustrate some 
key lithological elements. For location of photographs see Figure 
5.3.5.  Scale is in centimetres. 
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5.3.9. Comparison of the gamma-ray logs recorded by Mt Sopris equipment 
and BPB Instruments Ltd in parts of the Ormesby B and A boreholes 
respectively.  The two boreholes are 10.7 m apart. From: Cornwell, 
1984, Figure 2. Logs shown with the depth below surface and the ~ 1.5 
m vertical offset between logs is a result of different surface 
elevations.  
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5.3.10. GR logs for two boreholes with the same surface location at Ludham. 
See Figure 5.1 for location map. The same company recorded both 
logs with CPS units.  PS P4 appears to be noisier rather than more 
accurate than PS P5 in resolving detailed variations in bed thicknesses. 
Vertical scale is in metres. 
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5.3.11. Diagram to illustrate the process of normalizing GR logs to a 
standard horizontal scale for ease of comparison and correlation.  The 
GR curve is stretched or compressed horizontally to make the sand and 
the shale line (note: shale is a petrophysical log rather than lithological 
term) of the individual logs line up with the vertical margins of the 
frame defined by the rectangle template. The horizontal scales of the 
normalized logs are dimensionless but GR values increase to the right. 
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5.3.12. Comparison of the lithological sequences recorded in the Postthorpe 
Dairy borehole (1945) and the BGS Waveney Valley Project Borehole 
(1983). For location, see Figure 5.3.2 where position is marked as 
NW21. 
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5.3.13. Location maps for six borehole correlation sections of the deep Crag 
in East Anglia (A-A’, B-B’, C-C’, D-D’, E-E’, F-F’) and structure 
map of the base of the Crag.  Ordnance survey grid squares are 10 
km 
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5.3.14 (a) Crag surface prior to excavation of the Waveney valley. (b) 
Horizontal section (A-B) showing the relationship between the Crag 
lithofacies. From: Hopson and Bridge, 1987 Figure 2 annotated with 
boreholes (in blue) studied in this work (B – Beccles UEA 1, W- 
Worlingham; A – Aldeby; YT – Yare Tunnel; UEA 2 – Great 
Yarmouth UEA2) and the location of the Aldeby brickpit (Beck and 
Norton, 1972). 
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5.3.15 A) Contours on the base of clay beds in the Crag. Note: contours are 
in feet (Downing, 1959; Figure 3). B) Map showing contours of the 
upper (Baventian) clay horizon within the Crag aquifer. Shaded areas 
represent each1 km2 where borehole or geophysical data exist (Holman 
et al., 1999, Figure 8).  
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5.3.16. Outcrop of the Chillesford Clay Member (and correlative Easton 
Bavents Clay) and boreholes mentioned in the text (in blue).  The 
figure is modified from Figure 1 in Zalasiewicz et al., 1991. 
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to the deposition of the Wroxham Crag.  Pollen stages from West 
(1961), Beck (1971), Harland et al. (1991) and Zalasiewicz et al. 
(1988, 1991).   Magnetic polarity from van Montfrans (1971), 
Zalasiewicz et al. (1988), Hallam (1995). 
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and Southwold Waterworks boreholes. For location of boreholes and 
line of section see Figure 5.3.13. 
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6.1. Map of the Pleistocene, and older prograding, deltaic, seismo-
stratigraphic units. The Eridanos delta data is from SØrensen et al., 
(1997) but using dates from Kuhlmann and Wong (2008).  The lines 
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section Y-Y’ from Figure 6 in Cameron et al. (1989), as are sections 
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6.14. A) The seismicity of the UK (symbol size relates to magnitude, paler 
symbols indicate shallower events). All locatable events >2 ML to end 
of 2005 are plotted, with the exception of some Irish earthquakes <3 
ML (From: Musson, 2007, Figure 9).   B) Summary of upper crustal 
structures and earthquakes. For gently-dipping (thrust) faults, the 
thrust plane is shown between its outcrop/subcrop and where it reaches 
the lower crust plus 25 km wide corridors on the footwall-blocks of 
thrust faults.  Sub-vertical (transcurrent) faults are shown as 20 km 
wide corridors (from Musson, 2007, Figure 17 which is modified from 
Chadwick et al., 1996 Figure 4. 
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Chapter 1 
Introduction 
 
1.1 Context  
 
The Crags of East Anglia are a sequence of variably shelly, marine sands and gravels of 
Plio-Pleistocene age deposited on the margins of the Southern North Sea Basin. Fossils 
from these sediments were first described over 300 years ago (Dale, 1704) and 
Charlesworth (1837) established the familiar divisions of Coralline, Red and Norwich 
(originally Mammiferous) Crags. These 175-year-old subdivisions of the Crag are still 
used today (Bowen, 1999, Catt et al., 2006) although the stratigraphic classification, 
correlation and palaeoenvironmental interpretation of the overlying sands and gravels 
have been and remain contentious (Woodward, 1881; Whitaker, 1887; Reid, 1882, 
1890; Rose et al., 2001; Lee et al., 2006, 2008; Gibbard et al., 2008; Rose, 2009; 
Gibbard and van der Vegt, 2012). The Pliocene-Pleistocene boundary is not well 
defined in East Anglia and is thought to lie within the Red Crag (Gibbard et al., 1998; 
Head, 1998b; Cohen and Gibbard, 2011). Funnell (1995, 1996a) attempted to integrate 
the data on the Plio-Pleistocene from East Anglia, the Netherlands, the seismically 
defined units in the southern North Sea (Cameron et al., 1987, 1989, 1992) and the 
deep-sea isotope record but recognised that the detailed correlations remain uncertain in 
the absence of a precise chronostratigraphy. 
 
A long term decline in global temperatures led to the onset of glaciation in 
Fennoscandia around 2.7 Ma (Mangerud et al., 1996) and the beginning of the 
Quaternary marked significant changes in the behaviour of climate, tectonics and sea 
levels affecting the southern North Sea Basin. The magnitude and duration of climatic 
changes, and probably sea level, increased in response to obliquity forcing from 2.6 Ma 
(Shackleton et al., 1990; Sosdian and Rosenthal, 2009); and the rate of subsidence and 
sediment accumulation increased dramatically (Cloetingh et al., 1990; Kooi et al., 1991; 
SØrensen et al., 1997; Overeem et al., 2001; Kuhlmann and Wong, 2008; Anell et al., 
2009). The volume of sediment entering the basin also increased in response to higher 
erosion owing to the increased sediment supply caused by cold climate surface 
processes (Rose et al., 2001; Anell et al., 2012) and/or uplift of the surrounding areas 
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(Huuse, 2002) leading to the formation of large prograding delta systems (Figures 1.1, 
1.2). The southern North Sea Basin was closed to the south (Funnell, 1995) and its 
eastern margin was dominated by the giant Eridanos delta system fed by the Baltic 
River with subordinate inputs from the southeast from the proto-Rhine and Meuse 
rivers that had initially formed a separate Southern Bight Deltaic system (Cameron et 
al., 1987, 1989, 1993; SØrensen et al., 1997; Overeem et al., 2001). 
 
 
 
 
Figure 1.1. Major rivers and the Eridanos Delta in the Early Pleistocene. Modified from 
Rose, 2009, Figure 12.  
 
The Early Pleistocene deposits of East Anglia accumulated in and around an 
embayment in the southwest corner of the North Sea Basin to the south of the major 
tectonic feature known as the Dowsing-Hewett Fault Zone (Figure 1.3) and 250 km to 
the southwest of the Pleistocene depocentre and therefore could be ideally situated to 
record the global fluctuations in sea level and climate during the Early Pleistocene. 
However, correlation of the sediments has not been straight forward owing to a 
combination of isolated outcrops; relatively thin exposed sequences with little evidence 
for superposition of different stratigraphic units, and a palaeontological record that is 
patchy and often of limited value for detailed correlation. A number of stratigraphic 
frameworks have been proposed for East Anglia which although having similar names 
are not directly comparable because of the different assumptions on which they are built 
(Figure 1.4).  
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Figure 1.2. Map of the Pleistocene, and older prograding, deltaic, seismo-stratigraphic 
units. The Eridanos delta data is from SØrensen et al., (1997) but using dates from 
Kuhlmann and Wong (2008).  The lines on the map mark the shoreward position of the 
start of the seismic offlap sequences. The Southern Bight Delta (offshore East Anglia) 
shows the probable shorelines in blue (Cameron et al., 1992) using ages from de 
Mulder et al. (2002). A seismic correlation of the Southern Bight units with those of the 
Eridanos Delta has not been published. Pre-Chalk rocks outcrop or subcrop to the 
Quaternary in the area of the Sole Pit Trough Inversion.  Section A-A’ is modified from 
Cameron et al. (1993). Section B-B’ is a redrawn extract from Section 1 in Figure 93 in 
Cameron et al. (1992). Section C- C’ is section Y-Y’ from Figure 6 in Cameron et al. 
(1989). The vertical and horizontal scale is the same in all three sections. 
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Figure 1.3. Elevation of the pre-Quaternary rock surface in eastern England and the 
southern North Sea (part of Figure 12.14 in Doornenbal and Stevenson, 2010) annotated 
with major basement structures. The location of the main study area in East Anglia is 
shown. 
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Harmer’s (1896, 1899, 1900, 1902) subdivision of the Red Crag was based on molluscs 
but has been found to be largely facies controlled (Dixon, 1979).  The later, pollen 
based divisions of the Norwich and Red Crag introduced by West (1961, 1980a; Beck et 
al., 1972; Funnell and West, 1977) have been widely adopted in spite of their potential 
difficulties, such as, multiple similar events; reworking and other taphonomic effects 
(de Jong, 1988, Jones and Keen, 1993). The pollen stratigraphic framework, although 
challenged (Rose et al., 2001; Rose, 2009) and containing conceptual problem (Bennett, 
1988, Jones and Keen, 1993), has remained in widespread use (e.g., Catt et al., 2006; 
Wood et al., 2009).  However, major problems have emerged in recent years with the 
conceptually similar, pollen-based stratigraphy in the Netherlands (Drees, 2005; 
Donders et al., 2007; Kemna and Westerhoff, 2007; Leroy, 2007; Kemna, 2008). 
Correlations of the Pleistocene sequence in East Anglia with that of the Netherlands 
have been problematic and the vertebrate faunal assemblages indicate a major hiatus (of 
up to 1 Ma) in the marine record during the upper part of the Early Pleistocene of East 
Anglia (Zagwijn, 1975; Gibbard et al., 1991, Lister, 1998).  However, the older, fluvial 
deposits of the Thames and Bytham Rivers were possibly deposited during this period 
(Whiteman and Rose, 1992, Funnell, 1995, 1996, 1998; Rose et al., 2001; Westaway et 
al., 2002; Rose, 2009).  
 
The lithostratigraphic correlations for the Red and Norwich Crag established in 
southeast Suffolk by Mathers and Zalasiewicz (1988) cannot be readily extended into 
Norfolk  because of the depth of burial of the older units, more limited outcrops and the 
change to a coarser facies northwards (Gibbard et al., 1998).  The correlation of the 
sequences with gravels on top of the Norwich Crag and beneath Middle Pleistocene tills 
has not been straightforward (Prestwich, 1871c, 1890 a,b,c; Woodward, 1882; 
Whitaker, 1887; Auton et al.; 1985; Mathers et al., 1993; Hamblin and Moorlock, 1995, 
1996; Rose et al., 1996; Lee et al., 2006, 2007; Gibbard et al., 2008; Westaway, 2008).  
A flint rich unit known as the Westleton beds has generally been included within the 
Norwich Crag (Hey, 1967; Mathers and Zalasiewicz, 1996; Hamblin et al., 1997) and 
the subsequent introduction of significant quantities of quartzose clasts and other far 
travelled material to the basin has been inferred to indicate a major change in the 
dynamics of the drainage system brought about by obliquity forced climate change that 
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increased both erosion and runoff during cold climate phases (Rose et al., 2001; Rose, 
2009, 2010). In Norfolk and Suffolk, quartzose rich gravels have been attributed to 
fluvial (Thames and Bytham River aggradations); marine (Wroxham Crag, includes 
Bure Valley Beds and Weybourne Crag) and glaciofluvial (Leet Hill Sands and 
Gravels) depositional environments (Funnell, 1961; Hey, 1967; Funnell et al., 1979; 
Hopson and Bridge, 1987; Whiteman and Rose 1992; Gibbard et al., 1998; Rose et al., 
1999, 2001, 2002; Lee et al., 2004; 2006). 
 
Most Neogene and Early Pleistocene palaeogeographic reconstructions of Britain show 
rivers flowing eastwards into the Crag basin (e.g., Wooldridge, 1938; Hey, 1965; Rose 
et al., 1976, 2001; Rose, 1987, 1994, 2009; Gibbard et al., 1988; Gibbard and Lewin, 
2003).   Wooldridge and Linton (1955) and Balson (1999c, p. 294) suggested that the 
Red Crag accumulated in the mouth of a funnel shaped embayment that extended west-
south-westwards across Essex. The dating for the earliest fluvial deposits of the British 
rivers relies on climatostratigraphic models (Funnell, 1991, 1995, 1996; Whiteman and 
Rose, 1992; Rose et al., 1999, 2001; Westaway et al., 2002; Rose 2009) with the oldest 
deposits, the Nettlebed Terrace (Whiteman and Rose, 1992), having formed sometime 
between OIS 82 and 68  (2.15 - 1.84 Ma) (Westaway et al., 2002).   
 
Funnell (1995, 1996, 1998) recognised indicators of climatic fluctuations within the 
marine Early Pleistocene sediments but considered that the record was dominated by an 
overall regressive tendency (as was also suggested by Harmer, 1896, 1899, 1900, 1902).  
Detailed climatic and environmental  reconstructions for the Crag sediments have been 
hampered by different interpretations for the biological proxies within the pollen based 
stratigraphic framework.  The molluscs and foraminifera suggest lesser climatic 
extremes than interpreted from the pollen (Norton, 1977; Funnell, 1989) and the 
dinoflagellates and ostracods can, at times, indicate contrary climatic conditions to those 
inferred from the pollen (Head 1996, 1998a, Wood et al., 1993). Funnell (1995, 1996, 
1998) considered sea level change in his palaeoenvironmental reconstructions but made 
no explicit references to differential subsidence or uplift affecting the sedimentary 
record whereas Bristow (1983) and Hamblin and Moorlock (1997) considered that the 
thickness of the Crag sequences in central Suffolk was influenced by syndepositional 
faulting (Figure 1.5).  
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The base of the Crag sequences rises to the west reaching ~50 m round Stowlangtoft, 
near Bury St Edmunds (Bristow, 1990) and to the southwest reaching 90 m at Stansted 
Montfitchet (Mathers and Zalasiewicz, 1988) (Figure 1.5). Dines and Chatwin (1930) 
attributed sandstone blocks containing mollusc fossils at an elevation of 131 m at 
Rothamsted in Hertfordshire to the Red Crag. The difference in elevation of the Crag 
deposits across East Anglia has been attributed to higher sea levels in the past and 
subsidence towards the north east (Prestwich, 1890 b, c; Wooldridge and Linton, 1955; 
West, 1972; Moffatt and Catt, 1986) or a mixture of uplift to the south and subsidence 
to the north of a hinge line (Van Voorthuysen, 1954; Mathers and Zalasiewicz, 1988; 
Gibbard et al., 1998). Subsequent work on the terraces of Pleistocene rivers suggested 
uplift rather than subsidence dominated the onshore area after the deposition of the 
marine Crags (Whiteman and Rose, 1992; Rose et al., 2001; Westaway et al., 2002; Lee 
et al., 2006; Westaway, 2008; Rose, 2009, 2010). Currently two models for Pleistocene 
uplift prevail. The first envisages a general northeastward, but fluctuating, regression of 
the coast line during the Pleistocene related to progressive uplift in response to isostatic 
adjustment to surface erosion of the interfluves as a result of increased weathering, 
erosion and transport during cold climate stages (Rose et al., 2001, Rose, 2009, 2010).  
The second model envisages predominant subsidence in the Early Pleistocene followed 
by accelerated uplift around 0.9 Ma in response to lower crustal flow forcing by the 
growth and decay of local ice sheets or fluctuations in water-loading due to eustatic sea-
level variations and/or isostatic adjustment to surface erosion driven by  climatic change 
(Westaway et al., 2002; Westaway, 2008; Bridgland and Westaway, 2008). 
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Figure 1.5 Pre-Crag rockhead surface structure map of East Anglia with location of 
main study area in Norfolk and Suffolk outlined in white. Black dots are locations 
mentioned in the text: 1 is Stansted Montfitchet and 2 is Stowlangtoft.  National Grid 
squares are 10 km. Data derived, in part, from Figure 4.6; Dixon, 1979; Bristow, 1983; 
Mathers and Zalasiewicz, 1988, McKeown and Samuel, 1985. 
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1.2 Structure and objectives of the thesis 
 
In this thesis I intend to evaluate the extent and significance of the interactions of 
sedimentary processes, sea level changes and neotectonics on the shape of the basin and 
the character of the Early Pleistocene sedimentary record in East Anglia and the 
implications for biostratigraphic and lithostratigraphic correlation of the sediments. 
 
The thesis consists of seven chapters and five appendices that are listed in the contents 
page. The scope and objectives of each chapter are summarised below 
 
Chapter two is an extensive literature review in order to illustrate that the broad 
stratigraphic framework for the Early Pleistocene sediments was established in Early 
Victorian times and that the subsequent, conflicting and more detailed correlations and 
interpretations are a function of the complexities, uncertainties and the emphases given 
to different elements of the data by different workers.  The tectonic context looks 
further afield and reviews the evidence for tectonic movement regionally and locally.  
 
Chapter three critically reviews the data, concepts and interpretation of the prevailing 
biostratigraphic correlation frameworks to evaluate their potential as a 
chronostratigraphic framework for use in unravelling the timing of tectonic movements.  
 
Chapter four investigates the elevation and shape of the base of the Crag sequence to 
determine the origin of troughs and ridges and their significance in the subsidence and 
tectonic history.  
 
Chapter five is the largest chapter and is in two parts.  The first part examines the Early 
Pleistocene Crag sequence around Norwich and its relations with the overlying gravels 
to determine the environments of deposition and correlations with other parts of the 
basin.  Detailed sedimentological studies of the Norwich Crag and the overlying gravels 
at the type site at Bramerton and at Caistor St Edmund and a new palaeoenvironmental 
history are presented. The second part of the chapter is an interpretation of the thicker 
sequences of the Crag basin recorded in boreholes and uses gamma-ray logs to aid the 
correlation for the first time in East Anglia.  A new tri-partite lithostratigraphic model is 
	   46	  
presented that provides the basis for the subsequent sections on tectonic history of the 
Crag basin. 
 
Chapter six examines the relationship of the three main lithofacies units identified in the 
previous chapter to subsidence and glacio-eustatic changes in sea level, the source of 
the Crag sediment and its implications for interpreting earliest Pleistocene river systems 
in England, and the Early Pleistocene tectonic history of East Anglia during and after 
the deposition of the three Crag lithofacies units. 
 
Chapter seven draws together the main conclusions and implications of the work for 
existing palaeoenvironmental and tectonic models and future work.  
 
The Appendices contains additional data on the process to acquire planning consent for 
the work at Bramerton; borehole data used in the study, individual borehole 
interpretations that expand on the information contained within the main body of the 
thesis, and relevant publications. 
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Chapter 2 
Literature review 
 
The literature review is in two parts.  The first part reviews the literature on the Early 
Pleistocene marine Crags and fluvial deposits of East Anglia.  The second part reviews 
the literature on the Quaternary tectonic context of the area. 
 
2.1 Early Pleistocene marine Crags and fluvial deposits 
 
2.1.1. Introduction. 
 
The Late Pliocene to early Middle Pleistocene age sediments of East Anglia have been 
collectively termed Crags and Cromer Forest-bed for nearly two centuries. Sands and 
gravels deposited between the Crags and the overlying glacial sediments in Suffolk and 
Essex have been referred to variably as the Pebbly Series, Westleton Beds and more 
recently the Kesgrave Sands and Gravels (Figure 2.1). The term Crag derives from a 
Suffolk word for the shelly sand that was used by farmers to lime their fields (Moor, 
1823). The richly fossiliferous Red and Coralline Crags of Suffolk and the vertebrate 
remains in Norfolk ensured that the area attracted attention during the development of 
geological science in Britain in the Nineteenth Century.  During the late Twentieth 
Century, the area again became important as it is situated on the margins of the North 
Sea basin and therefore ideally situated to record the global fluctuations in sea level and 
climate during the Plio-Pleistocene that have been identified from deep sea cores 
(Shackleton and Opdyke, 1973, Shackleton et al., 1990). 
 
Over much of the area, the Crag has been removed (in part or totally) by erosion, or 
buried beneath the deposits of glacial and glaciofluvial action. The main exposures are 
in eastern Suffolk within 10 km of the coast, and, in Norfolk around Norwich, the Bure 
valley and on the northeast coast (Figure 2.2).  More isolated outcrops occur on the 
sides of river valleys.  In Suffolk, a chalk ridge separates a basin in the east from the 
largely buried basin to the west that is known mainly from boreholes (e.g. at 
Stradbroke). Exposures are isolated and the general low relief of the area means that 
their vertical extent is, in most cases, limited to a few metres.  There are very few  
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outcrops that demonstrate the superposition of different units. There were far more and 
better quarry exposures during Victorian times than exist today. Biostratigraphic 
correlation is hampered by the lack of rapidly evolving and widely distributed species 
and some units are devoid of fossil remains, in some cases due to decalcification.  
Boreholes and micropalaeontological investigations have become very important in the 
development of stratigraphic frameworks in recent years. In addition, seismic and 
sparker surveys with boreholes and geophysical logs in the offshore Southern North Sea 
area have also provided major new insights to the deposition of the Late Pliocene and 
Early Pleistocene sediments.  The extent of the Crags preserved in East Anglia is shown 
in Figure 2.2.  The Crags lie unconformably on older Palaeogene sediments in the east 
and overstep onto Cretaceous Chalk in the west.  
 
The Coralline Crag is not examined in this work as it is considered to be of Early 
Pliocene age (at least 3.4 Ma) by Williams et al. (2009) and separated from the 
overlying sequence examined in this work by a significant unconformity (first described 
by Lyell in 1839 at Sutton). The principal work on the Crags and Cromer Forest-bed 
took place in two time periods: the nineteenth century, and, the period since 1960. A 
number of important historical classifications of the Crag to pre Anglian sediments in 
Norfolk and Suffolk are shown in Figure 2.1.  These will be discussed further below.   
The assumptions underlying each of classifications are discussed below and are 
sufficiently different that it is not possible to draw simple correlations between the 
different schemes. Detailed summaries of the work on the Crags in Victorian times are 
provided by Woodward (1881, 1887), Reid (1882, 1890), and Whitaker (1887) and 
overviews of the modern work are provided by Funnell (1961), West (1968), Funnell 
and West (1977), West (1977), Funnell, (1987, 1996a), Gibbard et al. (1991), Jones and 
Keen (1993), Balson (1999a, c) and in a number of Quaternary Research Association 
guides to the area (Boulton, 1970; Gibbard and Zalasiewicz, 1988; Bridgland et al., 
1995; Lewis et al., 2000; and Candy et al., 2008).  
 
In the Victorian literature on East Anglia the term Pleistocene equated with glacial, i.e., 
“The Ice Age” and the sediments reflected the presence of ice near-by if not glacial 
deposition, and Pliocene equated with the most recent Pre-glacial times.  However, in 
modern times the base of the Quaternary and of the Pleistocene in Britain has 
traditionally been placed at the base of the Red Crag at Walton on the Naze (King,  
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Figure 2.2. East Anglia, showing the area where the Crag is preserved in white. Limits 
of Crag from Zalasiewicz et al. (1988) 
 
1955, Mitchell et al., 1973, Bowen, 1999) although internationally (except in the 
Netherlands, e.g., Zagwijn, 1985) it was, until recently, taken as a point just below the 
top of the Olduvai subchron (approx 1.8 Ma) (Bowen, 1999).  In 2009, the International 
Union of Geological Sciences (IUGS) ratified the proposal by the International 
Commission on Stratigraphy to lower the base of the Quaternary to the Global 
Stratotype Section and Point (GSSP) of the Gelasian Stage/Age at Monte San Nicola, 
Sicily, Italy which corresponds to MIS 103 and an astronomically tuned age of 2.58 Ma 
(Gibbard et al., 2010). However, Head (1998b) correlated the Red Crag at Walton on 
the Naze (“Waltonian”) with the Dutch Reuverian B pollen substage (3.0 to > 2.6 Ma) 
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on the basis of pollen assemblages.  Wood et al. (2009) and Cohen and Gibbard (2011) 
include the Waltonian and the normally magnetised sequence ascribed to the Pre 
Ludhamian within the Pliocene.  Williams et al. (2009) also included the basal part of 
the Red Crag within the Upper Pliocene, Piacenzian stage.   
 
2.1.2 Nineteenth Century Research 
 
2.1.2.1 Review  
 
Most of the ideas and interpretations of the sediments in East Anglia have their root in 
the early work. Taylor (1822, 1824a) provided the first description of the Cromer 
Forest-bed. In a later paper (1827) he considered that the Norfolk and Suffolk Crags 
were part of one formation but commented on the rapid local variations within it.  
Woodward (1829) recognized that the Crag around Norwich had a more restricted shell 
assemblage than that seen in Suffolk but was in no doubt that they were contemporary 
deposits. Woodward (1832) thought that the composition of assemblages in the Crag 
around Norwich indicated it had been deposited in an estuary.  He also recognized the 
Forest-bed as a separate unit (his “Ferruginous Gravels”) that contained “the wreck of 
the antediluvial forest” (1832, 1833, p. 23), albeit he placed it beneath the Norwich 
Crag.  Charlesworth (1837) was the first to propose the fourfold division of the Pre-
glacial sediments in East Anglia that is essentially still in use today: Coralline Crag; 
Red Crag; Mammiferous Crag, and, fluviatile and lacustrine deposits (Figure 2.1). Lyell 
(1833) used the ratio of extinct to living species in fossil molluscan assemblage as a 
means of dating Tertiary sediments, including those of East Anglia.  Forbes (1845) 
suggested that changes in the ratio of species with a northern affinity to those with a 
southern affinity could be used to indicate changes in the climate and that, for the Crags, 
the ratio indicated a progressive cooling.  Lyell’s and Forbes’ ideas were to become the 
dominant themes in the subdivision, correlation and palaeoenvironmental interpretation 
of the Crags during the next seventy years.  
 
Prestwich (1849) demonstrated the superposition of a thin sequence of fossiliferous 
laminated micaceous clays and sands (Chillesford beds) on Red Crag at Chillesford and 
on the older Coralline Crag a few kilometres to the northeast at Iken.  Fossils were only 
well preserved in the sequence at Chillesford and those from the clays had an “arctic 
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character” (unlike the Red Crag) that he therefore considered might correlate with the 
younger and colder, Norwich (Mammaliferous) Crag (p. 350).   
 
S.V. Wood junior (1864) proposed the first division of the Red Crag into four stages of 
beach deposits characterized by large cross bedding structures and a fifth, top stage of 
marine, horizontally bedded sediments, often with a nodule bed at its base. His father, 
S.V. Wood senior, (1866a) proposed a fourfold division of the Red Crag that was based 
largely on the increasing proportion of northern, as opposed to southern, molluscan 
species. The three lower divisions occurred at similar elevations but in different areas of 
northeast Essex and southeast Suffolk (see Figure 2.3). His oldest division was in the 
area around Walton (Waltonian in Figure 2.3), the next was in the area between the 
Stour and Deben estuaries plus a small area on the north side of the River Deben 
(“Sutton Crag” = Newbournian in Figure 2.3). His third division lies in the area around 
Butley, Chillesford and Sudbourne (Butleyan in Figure 2.3). The highest and fourth 
division had a distinctive assemblage and was composed of horizontally bedded 
sediments that were well exposed at Chillesford.  This division was equivalent to his 
son’s fifth stage (Wood, 1864) and he called it the Scrobicularia Crag on account of the 
appearance of the bivalve Scrobicularia piperata within it. 
 
Wood (1866) considered that the Norwich (Fluvio-marine) Crag and Red Crag were 
coeval and that the Scrobicularia Crag was younger than both Crags and intermediate 
between them and the Chillesford beds of Prestwich (1849) (Figure 2.4).  
 
In a series of papers, Taylor (1865, 1866 a, b, 1867, 1871) described, for the first time, 
an upper shell bed in the Norwich Crag around Norwich that contained a more arctic 
and deeper water mollusc assemblage than that found in the more familiar, lower fluvio-
marine shell bed. He correlated this upper shell bed with the Chillesford bed at 
Chillesford and claimed his correlation was supported by both Wood senior and junior 
and by Maw (Taylor, 1867, p. 331).  
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Figure 2.3.  The areas occupied by the different zones of the East Anglian Crag 
identified by Wood (1866) and Harmer. From: Harmer 1900, Figure 3. 
 
 
 
 
 
 
 
Figure 2.4.  Generalized sketch of the section at the Churchyard Pit, Chillesford. 
Courtesy of R.A.D. Markham. 
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Wood (1865, p. 7,8) described the pis-aller (last resort) nature of the stratigraphic 
assignment of sediments to the Norwich Crag and drew attention to the distinctive 
nature of the Crag assemblage at Weybourne, particularly the abundant Tellina solidula 
(=Macoma balthica) and possible equivalent outcrops in the Bure valley (named the 
Bure Valley beds by Wood, 1866b, p. 547). Harmer (1869) pointed out that the 
Weybourne Crag with M. balthica also contained significantly more quartz and 
quartzite pebbles than other crag deposits. 
 
The problems, or complexity, in correlating the Crag across Norfolk is reflected in 
Wood and Harmer (1869). They considered that:  the fluvio-marine (Norwich) Crag at 
Thorpe, Bramerton, Wangford, Bulcamp and Thorpe(ness) was co-eval with the newer 
part of the Red Crag;  the fluvio-marine Crag at Burgh, Horstead and Coltishall was a 
fluvio-marine development of the Chillesford shell bed, the upper bed at Bramerton and 
the Crag at Easton Bavents and Aldeby; the Crag at Belaugh, Cromer and Weybourne 
with Tellina solidula (Macoma balthica) formed the youngest Crag and overlay the 
Forest-bed. They also considered that pebbly sand and pebble beds that overlie the Crag 
in north Suffolk and south Norfolk occupied a similar stratigraphic position to the 
Weybourne Crag and may be equivalent to it or possibly older. This correlation was 
intimately tied up with their palaeogeographic models of a Norwich Crag estuary that 
opened southwards into a Red Crag sea which was followed by uplift in the south and 
deposition of the Weybourne Crag in the north (Harmer, 1869).  
 
Prestwich (1871 a, b, c) published a series of papers in which he established a regional 
correlation of the Pre-glacial sequence in Norfolk and Suffolk (Figure 2.1). He paid 
particular attention to the gravels overlying the Crags that he termed, interchangeably, 
the Westleton Beds or Westleton Sand and Shingle.  He rejected the bases of the 
subdivisions of the Red Crag proposed by Wood (1864) and Wood (1866a).  He argued 
that the Red Crag could be divided into a lower division that was deposited in shallow 
water and was equivalent to the fluvio-marine (lower) part of the Norwich Crag and an 
upper division that had been deposited in deeper water with more northern mollusc 
species than the lower division.  The upper division was represented by the Chillesford 
sands in Suffolk and the upper Norwich Crag (i.e. Taylor’s upper shell bed around 
Norwich) and was capped by the widespread Chillesford Clay.  He traced the 
Chillesford Clay from Suffolk to Norwich and to the north Norfolk coast as a regional 
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marker.  He did acknowledge that his correlation of the Chillesford Clay across Norfolk 
was made difficult by the frequent clay beds within the overlying gravel of his 
Westleton Beds.  He considered that the Forest-bed was restricted to the eastern and 
north-eastern coast of Norfolk on account of greater uplift in the south. The sands and 
pebbles of the Westleton beds overlay the Chillesford Clay and, where present, the 
Forest-bed. He included the gravels containing M. balthica in the Bure valley within the 
Westleton Beds as well as the gravels lying beneath the till (boulder clay) at Bacton and 
Mundesley.  
 
Bell and Bell (1871, 1872) and Bell (1872) stressed that, contrary to Prestwich’s view, 
there was strong evidence in the molluscan assemblages for palaeontological division of 
the Crag and proposed their own four divisions based on the Mollusca:  Lower Crag = 
Coralline Crag, Middle Crag = older Red Crag, Upper Crag = Fluvio-marine Crag of 
Norfolk and Suffolk (younger Red Crag); Chillesford Crag = Chillesford beds. Wood 
and Harmer (1872) refuted many of Prestwich’s (1871b) palaeoenvironmental and 
stratigraphic interpretations. They recognized three palaeontologically defined divisions 
within the Red Crag (Walton Crag, Butley Crag and Scrobicularia Crag) that might 
represent chronological divisions for some if not all of the Formation.  They correlated 
the Norwich (fluvio-marine) Crag in Norfolk with the Scrobicularia Crag in Suffolk.  
They agreed that the Chillesford Clay was deposited over an extensive area in Norfolk 
and Suffolk but pointed out that the Rootlet Bed at Pakefield (equated with the 
Chillesford Clay by Prestwich, 1871c) was probably a younger unit.  They considered 
that their Pebbly Sands/Bure Valley Beds form the base of the glacial series, could be 
correlated from Norwich to Weybourne, and that they formed no part of the Westleton 
Beds. They also proposed that the “unproductive sands in the Red Crag area, included 
by Prestwich (1871b) in his upper division of the Red Crag, were deposited as part of 
the younger “Middle Glacial” series. They returned to this argument in their paper of 
1877.  
 
Many workers recognised that an important issue was the extent and effect of the 
reworking of fossils of different ages within a single unit or bed, especially within the 
Red Crag. Wood (1859) thought that the Red Crag was derived from the destruction of 
the underlying Coralline Crag.  Later workers, including Harmer initially, (Wood, 1864, 
Godwin-Austen, 1866, 1868, Prestwich, 1871, Bell and Bell, 1871, Wood and Harmer, 
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1872) also felt that assemblage differences were as much the result of reworking of 
older sediments as a consequence of time.  The characterisations of the assemblage 
were based on species lists that gave equal weight to abundant and to rare forms.  
Harmer (1900) addressed this problem by using only the most abundant and 
characteristic species, albeit the selection was determined by him and not fully defined.  
 
Wood (1880) in a very long (and, at times, difficult to follow) paper argued that during 
the deposition of the Red Crag there was elevation in the south of the Red Crag basin 
and subsidence in the north.   He argued that the lower beds of the Red Crag at Butley, 
Boyton and Chillesford were the fully marine equivalents of the fluvio-marine Crag at 
Thorpe(ness) in the south and Bramerton to the north. Further subsidence led to the 
deposition of the laminated, micaceous clay (Chillesford Clay) in deeper and fully 
marine conditions across the area.  
 
Woodward (1881) mapped the area around Norwich for the Geological Survey and 
concluded it was not possible to erect significant divisions of the Norwich (upper) Crag 
in the area. He was also very critical of the idea that the Chillesford Clay could be 
correlated extensively across Norfolk as the clay facies could be seen to exist as several 
separate “jambs" that were not laterally persistent or at the same elevation:  “the words 
“Chillesford Clay” have been the root of nearly all the evil in the shape of confused and 
complicated classifications” (Woodward, 1882 p. 452).  
 
Reid (1880, 1882, 1890) described in detail the outcrops and their fossil and plant 
remains to establish the classic division of the Crag beneath the till and on top of the 
Chalk at West Runton: 
 
Arctic Fresh-water Bed 
Leda myalis Bed 
Upper Fresh-water Bed 
Forest Bed (estuarine) 
Lower Fresh-water Bed 
Weybourn Crag 
 
 
Woodward (1882) considered that the gravels of north Suffolk and Norfolk below the 
glacial Boulder Clays formed three distinct units: the Westleton beds formed part of the 
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Lower Glacial Series; the Mundesley Beds were of debatable age and ascribed to the 
Pre-glacial and the Bure Valley Beds were part of the older Pliocene (Crags). 
 
The correlation of the unfossiliferous sands and gravel beds lying beneath undoubted 
glacial deposits in Suffolk and Norfolk was a contentious issue.  Particular concerns 
were: i) whether or not they were correlative; ii) how many different units there might 
be; and, iii) whether they formed part of the marine Crag deposits or part of the younger 
Glacial Series.  The possible correlations and relations to the Pre-glacial and glacial 
sequence were described in various memoirs of the Geological Survey (particularly in 
Woodward, 1881 and Whitaker, 1887).  The character of the gravels and the different 
views on their correlation are summarised in Reid (1890 pp 198 – 205).  The debates 
focused on the genetic relationship of the gravels to overlying, underlying and inter-
bedded sediments, particularly the Chillesford Clay, the presence or absence of fossils 
and, the variations in the composition of the clasts.  Whilst officers of the Survey held 
different opinions on the classification of the gravel beds across the area, Whitaker and 
Reid chose to adopt a portmanteau term “Pebbly Series/Pebble Gravels” for them in 
areas away from the North Norfolk Coast and the Bure valley.  
 
Prestwich (1890a) returned to the correlation of the Westleton Beds in East Anglia.  He 
critically reviewed all the previous publications on the gravel horizons between the 
Chillesford Clay and the glacial deposits. He discussed and recognized some of the 
difficulties in making correlations across Norfolk. However, his fundamental point was 
that the distinctive composition of the gravels was more significant in making a 
correlation than minor variations in the composition of fossil assemblages.  He 
described the composition of Westleton Beds’ gravels from a number of locations and 
he reported that they generally consisted of: 
 
 ~ 50% rounded flint,  
10 - 20% white quartz,  
15 - 20% angular flint,  
~ 10% Greensand chert and ragstone 
4 -10% Lydian stone, quartzite and sandstone 
 
He correlated the Weybourne Crag below the Forest-bed on the coast with the Norwich 
Crag and tended to agree with Wood and Harmer in correlating the Bure Valley Beds 
with the beds above the Forest-bed and below the till at West Runton (Table 2.1). 
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However, he differed from them in correlating the Bure Valley Beds with his Westleton 
beds. He correlated the sequence above the Forest-bed at West Runton (Upper 
Freshwater Bed, Leda myalis Bed and the Arctic Freshwater bed) with the Forest-bed 
(or “Elephant Bed”) at Mundesley and with the Westleton Sands and gravels.  Together 
he called the formation the Westleton and Mundesley Beds with the two outcrops on the 
Norfolk coast at Mundesley and West Runton forming the “Westleton and Mundesley 
Beds (Mundesley type)”.  
 
 
 
Table 2.1. Correlation used by Prestwich (1890a) to establish the Westleton and 
Mundesley Beds (in yellow) that replaced the Westleton Beds used in his earlier 
classification (1871c) (Figure 2.1). For locations see Figure 2.2. 
 
Prestwich’s definition and interpretation of the Westleton beds in Norfolk and Suffolk 
allowed him to date them as post Crag and Pre-glacial. In two subsequent papers 
(Prestwich, 1890 b, c) he proceeded to correlate other gravels, with the same clast 
composition as his Westleton Beds, southwards into the Thames Basin.  This provided 
him with an age datum for the correlation of other “Drift” deposits within the London 
Basin where glacial sediments were absent. He considered that he could correlate 
Westleton Beds’ gravels “with some certainty” as far as the Berkshire Downs and with 
“some probability” as far as the Bristol Channel (p. 144).  The gravels occurred at 
elevations up to 152 – 183 m (500 – 600 ft) and he considered that they were laid down 
in a sea bounded to the south by the Weald anticline and, possibly, by an ice sheet to the 
north. He attributed the absence of marine fossils in the sands and gravels of the 
Thames valley to decalcification.  The pebbles could be derived from a number of 
locations but he felt that they came largely from Belgium (he tied the quartz and white 
quartzite to the Ardennes and had found similar gravels in the Meuse valley) and were 
spread out southwestwards across a level seafloor or along a broad coastline across the 
	   59	  
area.  He attributed the presence of Cretaceous Greensand clasts to rivers draining the 
Wealden area. Prestwich (1890 b, c) considered that the gravels containing high 
quantities of Triassic and other exotic clasts and lying at lower elevations in the London 
Basin were younger and associated with glacial rather than marine processes.  
Following the widespread deposition of the Westleton beds he envisaged a period of 
uplift followed by a progressive denudation during glacial and post glacial times 
resulting in the formation of the valley of the River Thames (see Figure 2.5).   
 
 
 
Figure 2.5. Diagram-section across the Gorge of the Thames through the Escarpment of 
the Chalk at Goring showing denudational stages in the formation of the Thames valley. 
From: Prestwich, 1890b, Figure 13. 
 
Osborne White (1895) argued that Prestwich’s Glacial gravels could be the deposits of 
an early River Thames and that ice never played an important part. Salter (1896) 
described and correlated the “Pebbly Gravel” from Goring to the north Norfolk Coast. 
He disputed Prestwich’s interpretation of a marine, beach origin for the widespread 
gravels in the Thames Valley and considered that they were probably “the first 
installments of transported material usually ascribed to Glacial or Ice agency” (p. 404). 
Salter classified the high level gravels of the Thames Valley (between 90 and 200 m 
OD) in five Types (A – E) based on a qualitative assessment of the composition, size, 
shape and colour of the clasts. Types C, D and E contained a wider variety of exotic 
clasts (including quartz, quartzites, cherts, grits, sandstones,) than Types A and B .  The 
coarseness, abundance and variety of exotic clasts increased from C to D to E. Type E 
was particularly characterized by abundant, liver coloured, Bunter quartzose clasts. He 
identified several important trends: compositional complexity increased with decreasing 
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elevation, the presence of the gravels at varying heights adjacent to the various Gaps in 
the Chalk ridge and each series decreased in height towards the east. In a later paper, 
Salter (1905) developed his work further and postulated that the proto River Thames 
probably flowed to the north of its current position northeastwards into East Anglia.  He 
also conceded that there was evidence for marine deposition in the gravels around 
Westleton and Dunwich (1905, p. 56) and that river incision occurred as the base level 
was lowered in response to the coastal erosion associated with a progressive, southward 
marine transgression. 
 
In a series of influential publications, Harmer (1896, 1899, 1900, 1902, 1910a, 1910b, 
1914 - 1925) included revisions to his ideas and a synthesis of his correlations and 
palaeoenvironmental interpretation of the pre – glacial sediments. In these papers, he 
argued that the molluscan assemblages indicated that there was a seaway to the south 
during the earliest (Coralline Crag/ early Red Crag) times that was subsequently cut off 
and a river then fed the marine depositional system to the north (rather than to the south 
as he had suggested in Wood and Harmer (1869) and Harmer (1878)). He attributed the 
similar elevation and geographical distribution of his Red and Norwich Crag stages to 
an offlapping relationship northwards as the units became younger. Harmer suggested 
(as in Wood, 1880) that this arrangement came about because a sequence of uplifts 
progressively pushed the Red Crag coastline northwards and each uplift formed a new 
bay within which the deposits of a unit accumulated. (i.e. they become progressively 
younger northwards). He traced the outcrops of the Chillesford Clay, as he defined it, 
across Norfolk and Suffolk to form a series of meanders within which the clay was 
deposited as tidal muds inside an estuary formed by a distributary of the Rhine (Figure 
2.6).  Harmer considered that the Weybourne Crag and Bure Valley Beds were the same 
age and they reflected a younger transgression from the northeast, following uplift in 
the south, to form a bay that was still fed from the south, by the Rhine.  
 
He eventually settled on the terminology and stratigraphic framework shown in Figure 
2.1, although in some papers he showed some additional zones (1900, p. 708, 1902, p. 
431).  He stated that the “Crag beds assume a more recent and more boreal character as 
we trace them northwards” (1900, p. 706) although this did not apply to the Chillesford 
Beds. Harmer used changes in the composition of only “the characteristic and abundant 
species” of the molluscan assemblage to erect his divisions (Table 2.2).   
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Figure 2.6.  The possible distribution of land and water in the Anglo-Dutch area, during 
the various stages of the Pliocene period. From: Harmer, 1896, Plate XXXIV. 
 
 
 
 
Table 2.2. Harmer’s (1902, p. 448) analysis of the Molluscan assemblages of his 
different “horizons” (= “zones” or “stages” in Harmer’s other papers) of the Crag (using 
characteristic and abundant species only). Note: the youngest unit is at the base. 
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Harmer also revised his ideas on reworking, and considered that it was no longer a 
significant issue (1895, 1900, p. 726, 727) with the molluscs, although he did consider 
that most of the mammalian fossils were derived (p. 728). 
 
Harmer (1900, p. 706) wrote that “although possibly not entirely contemporaneous [his 
Red Crag stages] are sufficiently distinct to justify their separate classification”. He also 
stated that the Norwich Crag (which he re-named variably as part of, or all of, the 
Icenian) was characterized by a lower faunal diversity than the Red Crag and although 
of an estuarine character he considered it to be marine because of its thickness and wide 
distribution. He also considered that the Norwich Crag was separated from the Red 
Crag by a considerable interval of time (p. 737) because the mollucan assemblages had 
a “much more recent character” and they appear to have been deposited in a more 
fluvially influenced environment. Harmer (1896), in agreement with Prestwich, 
attributed the source of the mica and the quartzose pebbles within the Norwich Crag to 
the influx of continental rivers draining the Ardennes and mainland Europe.  His 
widespread Chillesford Clay (Chillesfordian, not included in Table 2.2 but part of the 
Norwich Zone) was characterised by a boreal assemblage and always highly micaceous. 
His Weybournian stage was limited to those beds containing M. balthica and “perhaps 
the upper part of the Crag-beds near Norwich but not the unfossiliferous pebble beds to 
the south” (i.e., Prestwich’s Westleton Beds).  The Cromerian assemblage was 
distinguished by its southern character and he considered that the Arctic Freshwater bed 
formed a climatic link to the overlying glacial sediments.  
 
Harmer (1896) discussed the problems of the correlation and age of the gravels above 
the Crags in Norfolk and Suffolk and he classified the Pebbly Series as part of his 
Lower Glacial Deposits (1896, 1902).  However, he appeared less interested in the 
gravels away from the north Norfolk Coast in his later papers (1902, 1910a, 1910b) and 
illustrated them on a map (1902, Figure 76, p. 445) as a single correlative unit of gravel 
extending from north Norfolk to the Suffolk coast.  His discussion of the gravels is brief 
and he considered that they formed under early glacial conditions from contemporary 
denudation of the Chalk and possibly as “the littoral deposits of a shallow sea 
encroaching on the land” (1910b, p. 107).  
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2.1.2.2 Summary of nineteenth century ideas 
 
Taylor, Woodward, Charlesworth and Lyell established the basic structure of the 
stratigraphic framework that is still in use today by 1840. The Victorian debates focused 
on a number of largely unresolved issues: 
 
• whether or not the differences in the  composition of the fossil assemblages in 
different locations reflected a variety of coeval but different depositional 
environments, different ages, or some combination of both,  
• the extent and significance of reworking of fossils within different units 
• whether the Chillesford Clay was a single unit that could be correlated across 
Norfolk and Suffolk or a number of deposits with similar lithologies but of 
different ages. 
• the relative importance of the lithological and palaeontological data when 
making correlations. 
• the position of the base of the glacial sequence and the origin of unfossiliferous 
sands and gravels beneath and interbedded with tills 
• the relationships of the gravels at/on the top of the Crag, i.e., the Westleton 
Beds, the Pebbly Gravels/Series, the Weybourne Crag and the Bure Valley 
Beds, with one another. 
 
However, there was a broad consensus on a number of interpretations: 
 
• the Crag sequence became younger northwards 
• the assemblages contained a mixture of southern and northern forms 
• the assemblage indicated a general, unidirectional cooling within the sequences 
towards the Ice Age deposits that lay on top of the sequence. 
• there had been differential movements in the Crag basin with uplift in the south 
• the youngest marine Crags were exposed on the North Norfolk coast and formed 
the Weybourne Crag which contained Macoma balthica and quartzose clasts.  
• the Ardennes and mainland Europe was the source area for the mica and exotic 
quartzose clasts found throughout the Crags 
• rivers were entering the Crag basin from the south 
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Woodward (1887) provided a useful diagrammatic representation of the Victorian ideas 
and it is shown in Figure 2.7.  In this classification, the Weybourne Crag, Bure Valley 
Beds and Norwich Crag are grouped in the “Norwich Crag Series” but the position and 
correlation of the Pebbly Series and Westleton Beds are not addressed.  
 
 
 
 
Figure 2.7. Diagrammatic representation of the relationships between the Norwich Crag 
Series, the Red Crag and the Cromer Forest-bed Series. From: Woodward, 1887, p. 470. 
 
 
2.1.3 Twentieth Century Research 
 
2.1.3.1 Introduction 
 
Harmer’s ideas dominated the work on the Crags in the first half of the Twentieth 
Century as reflected in Bell (1911), Boswell (1931) and Chatwin (1937, 1961).  
However, Boswell (1916, 1927, 1928, 1929), Double (1924) and Solomon (1932, 1935) 
undertook petrographical investigations (particularly of the heavy mineral assemblages) 
of the Quaternary sediments. Solomon (1935) proposed that the Westleton Beds of 
Prestwich (albeit excluding the Upper Freshwater Bed on the north Norfolk coast and 
parts of the Bure Valley beds), the Mid - Glacial Sands of Norfolk, Suffolk, and the 
High Level/Pebbly Gravel/Plateau Gravel of the Thames Basin form a single marine 
unit, the Westleton Series, based largely on a very extensive study of heavy mineral 
assemblages and in line with the views of Prestwich (1890a, b, c). He concluded that the 
basin was fed from several sources: from Scandinavian ice lying to the north; from the 
Ardennes in the east, from the Weald in the south and from the Midlands to the west 
(Figure 2.8). He considered that the influence of Scandinavian ice to the north waxed 
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and waned and most exotic clasts were brought into the basin by floating ice.  Boswell 
(in Solomon 1935, Discussion, p. 235) considered that Solomon’s work was a “most 
important contribution” and cleared up most of the contradictions in earlier correlations.  
Solomon (1935, p. 223) also described heavy mineral assemblages from the Chillesford 
Clay at Easton Bavents and Covehithe that were similar to his glacial North Sea 
Drift/Norwich Brickearth group and were quite different from that seen in the 
Chillesford Clay at Chillesford that lacked the glacial influence. However, later work by 
Zalasiewicz et al. (1991) found that the heavy mineral assemblages from the Chillesford 
Clay at Chillesford and Easton Bavents Clay were actually similar. 
 
 
 
Figure 2.8. Solomon’s (1935) map to show sources and distribution of erratics in the 
sands and gravels that he classified as Westleton Series.  
 
Sherlock and Noble (1912), Gregory (1922), Sherlock, (1924) Saner and Wooldridge 
(1929), Warren (1942, 1957), Wooldridge and Henderson (1955) suggested various 
routes for the early Thames lying to the north of its current location but only Warren 
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(1942) and Wooldridge and Henderson (1955) extended the route northwards into 
Suffolk.  
 
The Lenham Beds are fossiliferous sands that have been preserved in solution hollows 
within the Chalk on top of the North Downs up to elevations of 207 m OD: (Prestwich, 
1857; Harmer, 1898a; Worssam, 1963; Balson, 1999b).  These beds were important in 
the development of ideas on the uplift and erosion of the Weald. However, the age of 
these beds has been controversial and proposals range from Miocene to late Pliocene 
and their precise age remains uncertain (Balson, 1999b).  Similar deposits containing 
fossils and dated as Pliocene have been found in the South Downs (Abbott, 1916, 
Edmunds, 1927).   The discovery of blocks of sandstone with probable Red Crag fossils 
in sands at Netley Heath on the North Downs, (Chatwin, 1927) and at Rothampsted in 
Hertfordshire, (Dines and Chatwin, 1930) supported the ideas of widespread Pliocene 
sea across the area that is now the Chilterns and North Downs (John and Fisher, 1984). 
These discoveries helped sustain Wooldridge and Linton’s (1955) interpretation of a 
widespread basal Pliocene (Base Red Crag) transgression across the North Downs and 
the Chilterns that became younger westwards.  Subsequent work by John and Fisher 
(1984) identified that the Red Crag fossils from Netley Heath had come from within 
cryogenic structures and could not be assumed to be in situ.  The fossils from 
Rothampsted were obtained from highly inclined blocks (Dines and Chatwin, 1930) 
within a clay-with-flints deposit (Moffat and Catt, 1986).  Moffatt and Catt (1986) 
discounted many of the deposits interpreted as marine by Wooldridge and Linton 
(1955).  However, they considered that there were three sites in the Chilterns that would 
support a Pliocene or Early Quaternary marine transgression based on the evidence of 
sediment texture, heavy mineral assemblages, clast lithologies and the elevation of the 
sediments. They used these outcrops to re-draw Figure 11 of Wooldridge and Linton 
(1955, p. 46), which shows the surface beneath Pliocene/Red Crag transgression (Figure 
2.9). Mathers and Zalasiewicz (1988) record the highest elevation of the base of the 
continuous sheet of Red Crag and Norwich Crag sediments at around 90 m OD near 
Stansted Mountfitchet (Figure 2.9).  
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Figure 2.9.  Contours on the sub-Red Crag surface (metres OD) based on deposits still 
accepted as marine Plio-Pleistocene (i.e., Lane End, Little Heath and Rothampsted). 
The base of the Red Crag is ~ 90 m OD at Stansted Mountfitchet (Mathers and 
Zalasiewicz, 1988). Modified from Moffat and Catt, 1986, Figure 4. 
 
The second half of the 20th century saw the development of new approaches and new 
ideas on the correlation and palaeoenvironmental interpretation of the Early to early 
Middle Pleistocene sequences. Data from the limited outcrops were supplemented by 
analysis of boreholes, many of which were drilled purely for scientific reasons. The 
most influential stratigraphic scheme developed for the marine Crag sequence was that 
of West and Funnell that was based predominantly on pollen and foraminifera (West, 
1961, 1968; Funnell, 1961; Funnell and West, 1977; Funnell et al., 1979; West, 1980a).  
Seismic stratigraphic analyses supplemented by boreholes and micropalaeontology 
provided new insights to the stratigraphy of Early to early Middle Pleistocene sediments 
of the southern North Sea (Cameron et al., 1984, 1987, 1989, 1993). Morpho- and 
lithostratigraphic analyses were used to establish stratigraphies for the fluvial deposits 
of rivers feeding the Crag basin (Hey, 1965, 1976, 1980, 1982; Rose et al., 1976; Rose 
and Allen, 1977; Rose, 1987, 1989, 1994, 2009; Clarke and Auton, 1982; Green and 
McGregor, 1990, 1996, 1999; Whiteman, 1992; Whiteman and Rose, 1992; Bateman 
and Rose, 1994, Hamblin and Moorlock, 1995, Lewis et al., 1999, Lee et al., 2006). 
Several authors have discussed and proposed correlations between the different 
stratigraphic schemes and to the sequences in the Netherlands (Mitchell et al., 1973; 
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Funnell, 1987, 1995, 1996a, 1998; Gibbard et al., 1991, Bowen 1999, Rose et al., 2001; 
Kuhlmann et al., 2006a, b; Rose, 2009).   
 
The three most recent stratigraphic schemes in Figure 2.1 reflect the range of ideas 
developed over the last fifty years for the East Anglian onshore sequences.  These are: 
the biostratigraphic stratigraphy of the West and Funnell, (the most extensive 
development is in West, 1980a), a later development of the West and Funnell 
stratigraphy based on biostratigraphic revisions and lithostratigraphy (Gibbard et al., 
1998) and the process/lithostratigraphical model of Rose et al. (2001, 2002) and Rose 
(2008, 2009) which links the fluvial and marine sequences.  
 
2.1.3.2 The biostratigraphic model 
 
The initial biostratigraphic model was based on a vertical sequence of ~ 55 m in 
boreholes at Ludham (Funnell, 1961, West, 1961).  The vertical thickness of the 
sequence was far in excess of any outcrop and the palynological results were analogous 
to those seen in the Netherlands by, for instance, van der Vlerk and Florschütz (1953) 
and Zagwijn (1957). The section at Ludham was divided into five pollen assemblage 
biozones, each indicating deposition during either a warm or a cold climate (West, 
1961).  The climatic fluctuation was also reflected in foraminiferal assemblages 
(Funnell, 1961) and to a lesser extent by the molluscs (Norton, 1967). The results of the 
work by West, Funnell, Norton and together with the heavy mineral analyses of Burger 
(in: Gibbard et al., 1991, p. 46-47) from the Ludham borehole are summarized in Figure 
2.10. Funnell (1961) suggested that his two lowermost zones (L I and L II) that were 
composed of shelly sand correlated with the Red Crag.  Funnell named this interval the 
Ludham Crag. Although Norton (1967) felt that the evidence for a correlation with the 
Red Crag was not clear from the molluscs, Funnell and West (1977) argued that the 
molluscs did support a Red Crag age for the interval.  
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Figure 2.10. The stratigraphy and palaeoenvironmental interpretations of the Ludham 
boreholes. Lithology drawn from descriptions in West (1961) and Norton (1967). 
Palynology from West (1961), foraminifera from Funnell (1961) red - warm and blue – 
cold climate, molluscs from Norton (1967) and heavy minerals from Burger (in Gibbard 
et al., 1991). For location of the borehole see Figure 2.2. 
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The initial palynological subdivision was supplemented by later work on outcrops 
(Funnell and West, 1962; West and Wilson, 1966; West and Norton, 1974; Funnell et 
al., 1979; West, 1980a; West et al., 1980) and other boreholes (West and Norton, 1974, 
West 1980a). Beck et al. (1972) identified a new Pre-Ludhamian stage in the basal part 
of the Stradbroke borehole. The stage was based largely on pollen assemblages and it 
also contained normally magnetized sediments (van Montfrans, 1971). West (1980a) 
defined the Pre Pastonian, Pastonian, Beestonian and Cromerian stages from detailed 
work on thin outcrop sequences and boreholes, largely on the north Norfolk coast. He 
originally defined the base of the Cromer Forest-bed Formation as the onset of fluvial 
sedimentation, determined primarily on biostratigraphical grounds, at the base of his 
Pre-Pastonian b Substage. West interpreted the deposits of the North Norfolk coast as a 
complex association of diachronous facies representing a wide range of climates and 
depositional environments. Work on the foraminifera (Funnell, 1961,1980,1983,1988; 
Funnell and West, 1962; West et al., 1980; Funnell and Booth, 1983) and molluscs 
(Norton 1967, 1977, Norton and Beck, 1972, West and Norton, 1974) supported West’s 
interpretation of fluctuating climates based on palynological analyses.  
 
Funnell (1987) reported the “consistent” presence over a 13 m interval of the planktonic 
foraminifera Neogloboquadrina atlantica within the Pre –Ludhamian of the Stradbroke 
borehole.  Because of the age of the last occurrence of this foraminifera in the North 
Atlantic, Funnell concluded the Pre-Ludhamian was late Pliocene in age and because of 
the normally magnetic polarity the sediments must lie within the Gauss palaeomagnetic 
epoch.  He also equated the Pre-Ludhamian with the Walton Crag of the Red Crag 
(Funnell, 1987, p. 5) because of the similarity of the foraminiferal assemblages (Funnell 
and West, 1977). Funnell (1987) speculated that the Antian and Bramertonian might be 
different facies of the same warm stage and the Baventian and Pre-Pastonian a different 
facies of the same cold stage.  This view became more widely held following the reports 
in Gibbard et al. (1991) and the work of Zalasiewicz et al. (1991).  
 
Other fossil groups have provided additional data to support correlations within the 
marine Crags of East Anglia (e.g. vole teeth in the correlation of the Antian and 
Bramertonian, Gibbard et al., 1991).  In Lower Pleistocene marine sediments, large 
vertebrates tend to be associated with coarse, gravelly horizons (e.g., Woodward 1881, 
Reid 1890, Stuart, 1982, Lister, 1998) and smaller vertebrates are more widespread but 
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often associated with shelly sands (Stuart, 1982, Mayhew and Stuart, 1986). The 
absence of any records for the vole Allophaiomys from eastern England has been taken 
to indicate that the Eburonian, Waalian and Menapian stages of the Netherlands are not 
present and this time interval is represented by the major hiatus of Gibbard et al. (1991, 
1998).  The evolutionary transition of the vole Mimomys savini to Arvicola cantata has 
been used as an important stratigraphic marker within the Middle Pleistocene (around 
MIS 12 and13 in Preece and Parfitt, 2000 or possibly MIS 15 in Preece and Parfitt, 
2008) although Rose (2009) and Lee et al. (2011) have questioned the validity of first 
and last occurrences like this on the basis that they are empirical, not independently 
calibrated and subject to change with new discoveries.  Mayhew (2011) records a vole 
assemblage from the sands below the Easton Bavents Clay (Chillesford Sand Member 
of the Norwich Crag) at Easton Bavents that he interprets as indicating an age of 2.25 – 
2.35 Ma. The presence or absence of the bivalve Macoma balthica in the East Anglian 
sections has influenced the correlations with the Netherlands sections using rodent 
assemblages (Mayhew and Stuart, 1986, Lister, 1998). Meijer (1993) considers that the 
co-occurrence of M. balthica, with the extinct molluscs Viviparus glacialis and Mya 
arenaria in the Weybourne Crag and in the Zuurland borehole in the Netherlands 
(Meijer, 1988) are correlative and indicate a late Tiglian age (~1.8 – 2.0 Ma). 
 
Analyses of the assemblages of ostracods (Wood et al., 1993, 2009; Wood, 2009) and 
dinoflagellates (summarized in Head, 1998a) have generally accepted the stratigraphic 
divisions proposed by West and been interpreted in that context. However, the 
assemblages do sometimes indicate climatic conditions that conflict with that 
interpreted from the pollen. For instance, the Chillesford Sand Member contains Arctic 
ostracods (Moorlock et al., 2000; Wood et al., 2009) yet the pollen and dinoflagellates 
suggest a temperate climate  (West and Norton, 1974; Head, 1998a) and the cold, 
Thurnian interval (West, 1961) contains abundant warm temperate dinocysts (Head, 
1996, 1998a)  
 
2.1.3.3 Lithostratigraphic and biostratigraphic model  
 
Work on the sedimentology of the Red Crag outcrops was started by Dixon (1979) who 
recognized a basal pebble bed facies containing flints and phosphate nodules overlain 
by two distinctive facies: a lower, megarippled (sand wave), shelly sand deposited from 
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tidal currents in water depths of 15 – 25 m and an upper facies recording a transition 
from shallow near-shore tidal conditions upwards into the deposits of a tidal flat. 
Current directions were dominantly to the south and southwest with a weaker 
component to the northeast. Later work by Balson et al. (1990) identified three facies 
that reflected an upward shallowing of the water and increasing constriction within a 
tidal estuary: i) the lower part is dominated by large scale, high angle, approximately 
tabular cross sets; ii) the middle part is composed of complex trough cross bedding, low 
angle cross bedding and common mud drapes and, iii) an upper part is composed mainly 
of horizontal or near horizontal cross bedding.  
 
Field mapping and boreholes by the British Geological Survey in southeast Suffolk led 
to a new lithostratigraphy for the Norwich and Red Crags (Mathers et al., 1984; Mathers 
and Zalasiewicz, 1988). In order to integrate the lithostratigraphic work with the earlier 
biostratigraphic model, Zalasiewicz et al., (1988) undertook detailed work on the 
sedimentology, palynology and palaeontology of the sediments in a number of 
boreholes in the thicker part of the section between Aldeburgh and Sizewell.  The 
sequence in the boreholes consisted of three lithofacies units. The lower unit (Sizewell 
Member) is composed of medium and coarse, poorly sorted shelly sand with laminated 
clays and was interpreted as having accumulated in a subtidal environment. However, 
the facies suggested a tidal flat and tidal channel environment to the authors (p. 233) 
and their final interpretation was based on their correlation of the unit with the Red Crag 
and its low level (-30 to -50 m OD) compared to outcrops immediately to the south. The 
foraminifera, pollen, dinoflagellate cysts and the normally magnetized interval “strongly 
indicate” the Member belongs to the Pre-Ludhamian Stage (p. 262) although the 
molluscan assemblage, which contained a large proportion of reworked forms, had a 
more “Icenian” (i.e. Norwich Crag) character (p. 257).  The middle unit (Thorpeness 
Member) is composed of predominantly fine to medium grained sand in two coarsening 
upwards cycles with occasional coarse sands and shelly sands and thin beds of silty 
clay. This unit was interpreted as having very large scale bedforms, such as tidal sand 
ridges. Fossil assemblages were much less frequent in this unit than the one below and, 
although the molluscs and the foraminifera suggested a correlation with the Norwich 
Crag, it was provisionally assigned to the Pre-Ludhamian. The upper unit (Chillesford 
Sand Member) is composed of moderately to well sorted fine to medium grained sand 
with silty clay laminae, and intraclasts are common. The authors considered that the 
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sedimentary structures were consistent with deposition on extensive tidal sand flats. 
This unit was correlated with the Chillesford Sand Member of the Norwich Crag largely 
on the basis of geological mapping and the consistency of its limited pollen and 
dinoflagelate cyst assemblages with those found at Chillesford. This work enabled 
Mathers and Zalasiewicz (1988) to propose the stratigraphy seen in Figure 2.11.  This 
included a significant unconformity in southeast Suffolk between their Bramertonian 
age, Norwich Crag Formation and the underlying Pre-Ludhamian and ?Ludhamian age, 
Red Crag Formation.  
 
 
Figure 2.11. Diagrammatic summary of the stage nomenclature and lithostratigraphy for 
the Red Crag and Norwich Crag Formations in southern East Anglia. From Mathers and 
Zalasiewicz, 1988, Figure 11. 
 
Additional work on the Chillesford Clay and its possible equivalent further north at 
Easton Bavents (Zalasiewicz et al., 1991) and on the Westleton Beds (Mathers and 
Zalasiewicz, 1996) led them to the stratigraphic interpretation for Suffolk contained in 
Figure 2.1. They interpret the Chillesford Clay Member as a geographically widespread 
unit and, in this, accord with the ideas of many Victorian geologists. Hamblin et al. 
(1997) and Moorlock et al. (2000) did not accept the concept of a regional Chllisford 
Clay Member and demonstrated that the Chillesford Clay facies occurred at more than 
one stratigraphic level in several boreholes in the area between Aldeburgh and 
Lowestoft (Hamblin et al., 1997, Figure 5). Moreover, they considered that the 
Chillesford Clay formed in the estuary of a proto-Thames whilst the clay at Easton 
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Bavents and Covehithe accumulated penecontemporaneously in the estuary of the 
Bytham River (Hamblin et al., 1997).  However, they did concur with a basal 
Bramertonian unconformity.   
 
A number of outcrops of well sorted fine to medium sands that are generally devoid of 
macrofossils are found in mid-Suffolk, to the west of the main Crag outcrops, and have 
been referred to as the Creeting Beds (Dixon, 1978).  The areal extent of these beds is 
also debatable (Spencer, 1966; Dixon, 1978; Allen, 1984b) but Allen (1984b) suggests 
the widest distribution (See Figure 2.12). At the base of these sands in a number of 
locations (e.g., Battisford, and the Hitcham and Woolpit boreholes, Figure 2.2) is a 
pebble bed composed of flints and phosphate nodules which contains fossils of a Red 
Crag type (Dixon, 1978; Bristow, 1983; Mathers and Zalasiewicz, 1988). 
 
 
 
 
Figure 2.12. Possible distribution of the Creeting Beds.  S - boreholes and exposures 
with non-shelly sand (?) Creeting beds; C - Crag if recorded in same borehole. From 
Allen, 1984, Figure 7. 
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Dixon (1978) thought it was unclear whether or not the outcrops of the Creeting Sands 
represented a single deposit as the sediments generally contain no reliable indicators of 
their depositional environment. Mathers and Zalasiewicz (1988) implied that they were 
equivalent to the Chillesford Sand Member and included them within the Norwich 
Crag. The College Farm Silty Clay Member (Allen, 1984b) lies in patches on top of the 
Creeting sands locally. The College Farm Silty Clay at Great Blakenham was 
considered, on palynological grounds, to have been deposited in fresh water and to 
slightly pre-date the Easton Bavents Clay by Gibbard et al. (1996). However, Moorlock 
et al. (2002) questioned the freshwater origin of the sediments on palynological grounds 
but not the age interpretation (“Tiglian Substage TC3”). 
 
Postma and Hodgson (1988) have interpreted the sequence of gravels and sands within 
the Norwich Crag at Caistor St Edmund, near Norwich, as the product of tidal and wave 
processes.  
 
The Westleton Beds are well developed in the area around Westleton and Dunwich and 
overlie and cut down into the Chillesford Clay and Sands (West and Norton, 1974; 
Mathers and Zalasiewicz, 1996) Their deposition has been interpreted as intimately 
associated with the deposition of the tidal mud flats of the Chillesford/Easton Bavents 
Clay (Hamblin et al., 1997).   However, some authors have applied the term across a 
wider area to rounded, flint rich gravel within or on top of the Norwich Crag in Norfolk 
and Suffolk (e.g. Hey, 1982; Auton et al., 1985; Hey and Auton, 1988; Mathers et al., 
1993; Sinclair, 1999). The Westleton Beds have been interpreted as beach face 
conglomerates that pass eastwards into lower shoreface sediments in which gravels 
were distributed seawards in rip channels by high energy currents (Mathers and 
Zalasiewicz, 1996; Richards et al., 1999; Sinclair, 1999).  The pollen and plant remains 
from within fine grain units of the Westleton Beds indicate deposition during an 
ameliorating phase of a cold stage and are typical of a freshwater pond or small lake 
(Richards et al., 1999). The fine grain sediments were deposited during a period of 
normal magnetic polarity (Hallam, 1995) during or at the end of the Baventian/Pre-
Pastonian a stage (Richards et al., 1999). 
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Figure 2.13. Correlation of the British and Netherlands chronostratigraphies and 
equivalents in the ocean floor sequences proposed by Funnell (1995) showing the 
postulated marine hiatus during the Beestonian.  From: Gibbard et al., 1998, Figure 6.  
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Gibbard et al. (1991, 1998) concluded that the Pre-Pastonian a and Pastonian stages 
were correlated with successive parts of the Tiglian stage in the Netherlands and 
therefore closely linked in time and not separated by a significant unconformity as had 
been envisaged by West (1980).  However, Gibbard et al. (1991, 1998) proposed that 
the base of the Cromer Forest-bed should be placed at the “major sedimentary break” 
associated with the regression during the Beestonian (within the Runton Member). They 
interpret a major marine hiatus of about 1 Ma above the Pastonian, albeit with a marine 
incursion in the Beestonian and in the Cromerian, prior to the deposition of the Anglian 
glacial sediments (Figure 2.13). Mayhew and Stuart (1986) had mooted the existence of 
a significant hiatus at this level because of the lack of any sediments containing 
Allophaiomys	  which	  is	  found	  in	  the	  Early	  Pleistocene	  of	  the	  Netherlands.  Gibbard et 
al. (1998, p. 253) considered that the stratigraphic position and age of sequences 
attributed to the Cromer Forest-bed Formation (CF-bF) are more complex than 
envisaged by West (1980a, 1996) and retained his stratigraphical classification of these 
sequences for “simplicity” (p. 253). Preece and Parfitt (2000) suggested that the CF-bF 
might contain up to six interglacial stages. 
 
The Ormesby borehole was drilled in a deep basin 14 km from the Ludham borehole to 
provide a Lower Pleistocene stratotype (Cox, 1985b). Three boreholes were drilled in 
order to obtain good core recovery throughout the section and a suite of geophysical 
logging tools were run in the borehole (Cornwell, 1984). Harland et al. (1991) 
considered that the age of the sediments, based on extensive biostratigraphic analyses, 
were radically different to those seen at Ludham (Figure 2.14) as no Ludhamian, 
Thurnian, Antian or Baventian age sediments were recognised.   The description of the 
sediments and the interpretation of their depositional environments are limited to the 
brief report in Arthurton et al. (1994). The Pleistocene sediments lie on the clayey 
siltstone with tuffaceous bands of the Harwich Member of the London Clay Formation 
(Cox et al., 1985).   
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Figure 2.14. The Ormesby and Ludham boreholes, vertical scale in metres and depths 
are from OD. Ormesby lithological log and depositional environments from Arthurton 
et al. (1994). Ormesby biostratigraphic ages from Harland et al. (1991) and gamma ray 
log redrawn from Cornwell (1984). Ludham data as for Figure 2.10. See Figure 2.2 for 
the locations of boreholes. 
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2.1.3.4 Lithostratigraphic and process model 
 
Detailed analyses of the composition and elevations of the pre-glacial sands and gravels 
in East Anglia (Hey, 1965, 1967, 1976, 1980, 1982; Rose et al., 1976, 1996a, 1996b, 
1999a, 2000a, 2000b, 2001, 2002; Rose and Allen, 1977; Clarke and Auton, 1982; 
Allen, 1984a; Rose, 1987, 1989, 1994, 2008, 2009; Hey and Auton, 1988; Green and 
McGregor, 1990, 1996, 1999; Lewis and Bridgland, 1991; Whiteman, 1992; Whiteman 
and Rose, 1992; Bateman and Rose, 1994; Hamblin and Moorlock, 1995, 1996a, 1996b; 
Hamblin et al., 1996; Lewis et al., 1999; Lee, 2003; Lee et al., 2004, 2006) led to the 
recognition of an Early Pleistocene drainage system consisting of a proto-Thames, the 
Bytham River system draining the Midlands and beyond, and the Ancaster River 
(Swinnerton, 1937) entering north Norfolk from the west (Figure 2.15). 
 
The deposits of the proto-Thames in Essex and Suffolk are referred to collectively as 
the Kesgrave Sands and Gravels (the Kesgrave Formation of Rose and Allen, 1977 and 
Kesgrave Group of Whiteman and Rose, 1992) and are divided into an older, Sudbury 
Formation and a younger, Colchester Formation (Whiteman and Rose, 1992). Each of 
the formations is divided into members reflecting different aggradations/terraces (see 
Figures 2.16 and 2.18). Hey (1980) identified a higher quartzose content of the gravels 
in the area between Bury St Edmunds and Diss and suggested a possible confluence 
with the Thames. Further work by Clark and Auton (1982), Rose (1987, 1989), Lewis 
and Bridgland (1991), Lewis et al. (1999), Rose et al. (1999a) and Lee et al. (2004) led 
to the identification of the major, west-east flowing, Bytham river system in East Anglia 
that could be traced back into the Midlands (Rose, 1989).  
 
 
Whiteman and Rose (1992), Rose (1994, 2008, 2009) and Rose et al. (2001, 2002) 
proposed three stages in the development for the Thames and Bytham Rivers (Figure 
2.15).   
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Figure 2.15. Early Pleistocene and early Middle Pleistocene fluvial and offshore 
palaeogeography of midland and eastern England and the adjacent North Sea basin.  
The heavy lines indicate main drainage trajectories based on long established valley 
systems and Early and early Middle Pleistocene sediments.  The distribution of the 
lithostratigraphic units is given, along with the location of outcrop of distinctive 
indicator lithologies that were transported by the river systems to the coastal zone. From 
Rose et al., 2001, Figure 2. 
 
 
	   81	  
 
 
Figure 2.16. Palaeogeographic reconstruction of the Kesgrave Sands and Gravels 
(Sudbury and Colchester Formations of the Kesgrave Group). From: Whiteman and 
Rose, 1992, Figure 2. 
 
An initial low energy phase occurred in the late Pliocene to early Pleistocene during a 
relatively warm temperate period with minor climatic fluctuations and coarse sediment 
was derived from local areas, e.g., the oldest terrace – the Nettlebed Formation clasts 
are composed predominantly of flint from the Chalk and locally sourced quartz from the 
Tertiary. The extent of the drainage network at this time has been inferred by the 
reworked Silurian, Carboniferous and Jurassic palynomorphs found in the fine grained 
sediments of the Norwich Crag Formation that were transported by the rivers, in 
suspension, to the sea (Riding et al., 1997, 2000; Moorlock et al., 2002). In the second 
stage there was a dramatic re-arrangement of the river systems with periods of increased 
erosion, transport of coarse material from the hinterland to the edges of the marine basin 
in East Anglia and the formation of the terrace deposits of the Sudbury Formation.  The 
change in the river systems was a response to more extreme Milankovich forced cold 
stages with greatly increased surface runoff and erosion. The expanded hinterland and 
higher energy rivers introduced far travelled clasts of rocks such as quartzite, cherts and 
volcanic material derived from outcrops in the Midlands, Northern England and Wales. 
In the third stage, high-energy river systems continued and there was a marked re-
arrangement of the drainage caused by the Bytham river beheading the headwater of the 
Thames. The third stage was brought to an end by the Anglian glaciation. 
 
Hey (1976, 1980) used clast lithologies to link the proto-Thames deposits in Essex and 
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Suffolk with the marine sediments in north Norfolk, dated as Pre-Pastonian a by West 
(1980a) and suggested the input of clasts to north Norfolk by a river flowing from the 
northwest, later named the Ancaster. However, the exact arrangement of the Thames 
and Bytham rivers across northern East Anglia during the Early Pleistocene is a matter 
of debate. Green and McGregor (1990, 1999) considered that the composition of the 
gravels of the North Norfolk coast varied over time.  They proposed that the oldest 
gravel (Type A) was deposited during Pastonian a times from the Proto-Thames (with 
the Bytham forming a tributary to the Thames) and that at some time in the Pre-
Pastonian a – Pastonian interval there was a switch in the course of the Proto- 
Thames/Bytham system to enter the North sea further south and younger, 
compositionally different gravels (Type B) were deposited from a river system entering 
from the north or northwest (Ancaster River of Swinnerton, 1937).  Hamblin et al. 
(1997) considered that the Bytham and the proto-Thames had separate estuaries close to 
the current Suffolk coast during the Baventian.  More recently, Parfitt et al. (2010) have 
suggested that the Thames, with the Bytham as its tributary, flowed northwards across 
north Norfolk during MIS 21 or MIS 25 (~ 0.9 Ma) and the two river systems separated 
subsequently as their courses migrated southwards during the early Middle Pleistocene 
(Figure 2.17). They found no evidence to support the existence of an Ancaster river at 
this time. 
Figure 2.17. Palaeogeography during different stages of the Thames and Bytham rivers. 
From Parfitt et al., 2010, Figure 5. 
 
Rose et al. (2001, 2002, 2009) and Lee et al. (2006) argue that the introduction of far 
travelled clasts, particularly quartz and quartzite, to the marine sediments was the result 
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of the change in the drainage system feeding the basin (Stages B and C in Figure 2.15). 
The marine Wroxham Crag Formation (Rose et al., 2001, 2002) that contains these far 
travelled clasts is confined to northeast East Anglia and “the influx of far-travelled 
material coincides closely with the first appearance of [the bivalve] Macoma 
balthica”(Rose et al., 2001, p. 16). Rose et al. (2001) and Rose (2009) discriminated 
several marine members of the Wroxham Crag on the basis of their gravel composition 
and interpreted the various deposits of fluvial sediments (“Cromer Forest-bed” s.l.) 
within the Wroxham Crag Formation as floodplain deposits laid down during times of 
lower sea level.  This process based lithostratigraphy is shown in Figure 2.1.   
 
The Thames and Bytham rivers have left a staircases of terraces that formed in response 
to Milankovich forced climate change and progressive uplift (the Bridgland model - 
Bridgland and Maddy, 1995; Bridgland, 2000, 2006; Westaway et al., 2002; Lee et al., 
2004). Each Milankovich climatic cycle is associated with phases of aggradation and 
incision and the gravel aggradation takes place during the warming transition from cold 
to warm phase followed by incision during the warm phase. A more simplified model 
based on the same principles is presented in Rose (2009, Figure 4). 
 
 
 
Figure 2.18. Longitudinal terrace profiles for the proto- River Thames in Essex with 
their inferred MIS ages and relation to the Crag deposits. Vertical scale in metres, 
horizontal scale in km. (Note: Stebbing = Satwell, Bures = Beaconsfield and Moreton = 
Gerrards Cross terraces of Figure 2.16).  From Westaway et al., 2002, part of Figure 4. 
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Assigning reliable ages to the terraces has proved difficult. Biostratigraphic data with 
which to date the Early Pleistocene terraces is missing. Westaway et al. (2002) reviewed 
the ages assigned to the Thames terraces and also equated them with Marine Isotope 
Stages  (MIS) (Figure 2.18). The Ardleigh Member of the Colchester Formation is 
overlain by fossiliferous, freshwater sediments containing Mimomys savinii and has 
been assigned to MIS 18 (Westaway et al., 2002) and to MIS 14 (Westaway, 2008).  
Rose et al. (2011) have assigned a probable MIS 16 age to the terrace on the basis of 
glacially striated, far travelled clast recovered from within it. Maher and Hallam 
(2005a) have recorded reliable normal polarity magnetic signals from within the 
Ardleigh and the older Moreton terraces that would indicate their ages must be no older 
than MIS 18 (i.e., within the Bruhnes Chron) or MIS28 or  MIS30 (i.e., within the 
Jaramillo sub chron).  The dating of older terraces and those of the River Bytham are 
dependant on climatostratigraphy using the Bridgland model.  Westaway et al. (2002) 
accepted the views of Whiteman and Rose (1992), Funnell (1995) and Rose et al. 
(1999) that the terraces of the Sudbury Formation (Westland Green, Stebbing, Bures 
and Moreton terraces in Essex) were probably deposited some time between MIS 65 
and 22 and the younger, Colchester Formation formed during the Cromerian Complex 
between MIS 22 and 12. Unfortunately, the individual Thames terraces cannot be traced 
reliably into Suffolk much beyond the Gipping valley and the area to the south and east 
of Ipswich (Allen, 1984) because of the cover of later glacigenic deposits. However, 
Green and McGregor (1999, Figure 3) projected the terrace profiles northwards to the 
Norfolk Coast. The Bures terrace (assigned by Westaway et al. (2002) to MIS 36 – 30) 
overlies Red Crag in Essex.  The period of deposition of these gravel terraces is inferred 
to equate with the marine hiatus in East Anglia interpreted by Gibbard et al. (1998) 
(Figure 2.13). 
 
Lee et al. (2004, 2006) and Rose (2009) described a series of six terraces associated 
with the River Bytham that they considered formed in response to Milankovich cycle 
climatic forcing in line with the Bridgland model.  They correlated the third of these 
terraces with MIS 16 and the Happisburgh Glaciation. The Bytham river system was 
destroyed during the Anglian glaciation (MIS 12) (Rose, 1989).  
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Figure 2.19, Schematic valley long profile of the Bytham River showing the distribution 
of the various terrace aggradations east of Shouldham. From Lee et al., 2004, Figure 7. 
 
Westaway (2008) challenged this view of the Bytham terraces and concluded that the 
record of the Bytham (Ingham) river in East Anglia is much shorter and composed of 
only three terraces for which he infers ages of MIS 16, 14 and 12 based on his 
correlations of the terrace deposits and a modeled uplift chronology. 
 
Rose (2009, 2010) provided a synthesis of the process based lithostratigraphic model 
and concepts for East Anglia. 
 
2.1.3.5 Palaeomagnetic dating 
 
Maher and Hallam (2005b) found that the low concentration of detrital magnetite and 
the subsequent deformation and diagenesis in many of the onshore Pleistocene deposits 
resulted in poor or unreliable palaeomagnetic signals. However, they found that greigite 
in some marine Crag deposits contained a reliable signal.  Van Montfrans (1971) 
recorded only normal signals from samples in East Anglia, including the Pre-
Ludhamian interval in the Stradbroke borehole. Thompson (1991) provided a brief 
summary of palaeomagnetic work carried out on a number of Early Pleistocene sites in 
East Anglia and the only reliable polarity signals were normal, including from the 
Luhamian (L1 p.a.b., West, 1961) of the Ludham borehole.  Maher and Hallam (2005a) 
concluded that only two reliable reversed polarity signals had been recorded by 
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previous workers (Zalasiewicz et al., 1988, in the Ludhamian and Hallam and Maher, 
1994, in the Pastonian) and they presented a comprehensive set of new, reliable data 
(Figure 2.20).  Unfortunately most of this data, as in Thompson (1991), is presented by 
reference to the West/Funnell stratigraphic stages and are not tied directly to precise 
locations in boreholes or outcrops. However, better details of the site locations of the 
samples are available in Hallam (1995). 
 
 
 
 
Figure 2.20.  Palaeomagnetically constrained stratigraphy for eight East Anglian sites. 
From Maher and Hallam, 2005a, Figure 5. 
 
Parfitt et al. (2010) have recorded a reversed palaeomagnetic polarity within the Cromer 
Forest-bed Formation at Happisburgh that they interpret as predating the Bruhnes - 
Matuyama boundary.  However, Westaway (2011) has challenged the age of this event 
and believes it to be an excursion during the Bruhnes Chron. 
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2.1.3.6 North Sea research 
 
Work by the BGS has produced a seismic stratigraphy for the Quaternary sediments in 
the offshore area at the southern end of the North Sea Basin (Balson and Cameron, 
1985, Cameron et al., 1987,1989, 1992).  The seismic units were defined by the internal 
and external geometry of their seismic elements and calibrated by lithological, 
palaeontological and palaeomagnetic data from boreholes and shallow cores (Cameron 
et al., 1984, 1987, 1989, 1992). The data revealed a sequence of northward prograding 
and offlapping, marine deltaic units in the Late Pliocene to early Middle Pleistocene 
that are capped by a basin wide unit (Yarmouth Roads Formation) that represents a 
complex delta-top deposit (Cameron et al., 1992). The sequence is illustrated 
schematically in Figure 2.21. The dip directions on the foresets within the units 
indicates that there was sediment supply from the British and European sides of the 
North Sea Basin (See also Figures 96, 97 and 98 in Cameron et al., 1992) although there 
is no clear evidence for the postulated, axial Lobourg River (Gibbard, 1988, Bridgland 
and D’Olier, 1995). The base of the Westkappelle Ground Formation (WK) represents a 
widespread transgression above an angular unconformity across, largely, Eocene 
sediments. However, deposits called Red Crag with a Waltonian type fauna are 
preserved in a broad trough beneath the WK and in the area to the south of its southern 
boundary, sometimes in troughs or valleys (Cameron et al., 1989, 1992).  
 
Correlation between the onshore sections and the offshore seismic stratigraphy is 
difficult and ambiguous: Arthurton et al. (1994) suggest that the seismic Westkapelle 
Ground Formation may equate with the lower Pre-Ludhamian interval in the Ormesby 
borehole or alternatively with the upper Pre-Ludhamian (Tidal mudflats) and the Pre-
Pastonian a interval. Cameron et al. (1984) correlated the Smith’s Knoll Formation with 
the Antian on palaeontological grounds. Funnell (1987) recorded the stratigraphically 
important foraminifera N. atlantica in the Westkapelle Ground Formation and therefore 
correlated it with the Pre-Ludhamian of East Anglia. 
 
Funnell (1996a) correlated the formations in East Anglia, the North Sea, Belgium and 
the Netherlands (Table 2.3). He also constructed a series of Plio-Pleistocene 
palaeogeographic reconstructions (1996) in which he maintained a marine connection to 
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the south during deposition of the lower (Waltonian) Red Crag to explain the strength of 
its Lusitanian faunal elements (Funnell, 1995, Meijer and Preece, 1995).  This opening 
to the south was subsequently closed during deposition of Westkapelle Ground 
Formation. 
 
 
 
Figure 2.21. Schematic illustration of the relationships of the stratigraphical elements 
and early Pleistocene formations of the southern North Sea and a map of inferred 
Pleistocene shorelines with speculative dates.  Modified from Cameron et al., 1992, 
Figures 94 and 104. 
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Seismic stratigraphic analyses of the Danish, German and northern Dutch offshore areas 
identified the extensive deltaic deposits of the Baltic (Eridanos) River system (Bijlsma, 
1981; Cameron et al., 1993; Kay, 1993; SØrensen and Michelsen, 1995; SØrensen et al., 
1997; Michelsen et al., 1998; Huuse et al., 2001; Overeem et al., 2001, Kuhlmann et al., 
2006a, 2006b; Kuhlmann and Wong, 2008).   
 
 
 
Table 2.3. Correlation of the Plio-Pleistocene formations in and around the southern 
North Sea basin. From: Funnell, 1996, Table 1. 
 
 
The Eridanos Delta (Figure 2.23), at its largest, covered an area of over 300,000 square 
kilometres (Kay, 1993) and was fed by drainage area comparable to that of the modern 
Niger, Ganges or Volga rivers (Overeem et al., 2001).  
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Figure 2.22. Top: Map of seismic data and study area from Overeem et al. (2001). Grey 
boxes are areas of 3D seismic coverage and red box is the area of detailed seismic, log 
and biostratigraphic study of Kuhlmann et al. (2004, 2006a, 2006b) and Kuhlmann and 
Wong (2008). Modified from Overeem at al., 2001, Figure 2.  
Bottom: Interpreted seismic line 87-06 (shown in blue on map) with units D6 – D 20 
and D23 showing the offlapping relationship of the prograding deltaic units overlain by 
younger, laterally more extensive units. The basal parts of the prograding deltaic units 
are progressively onlapping the western flank of the basin.  From Overeem et al., 2001, 
Figure 6.  
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Figure 2.23. Major rivers and the Eridanos Delta in the Early Pleistocene. Modified 
from Rose, 2009, Figure 12. 
 
Unfortunately, different authors have not chosen identical seismic events in their 
correlations and have also based them on ties to different well data sets and therefore 
there is no simple direct relationship of units identified by different authors (G. 
Kuhlmann, personal communication).  Although the broad elements of the 
interpretations are comparable, the ages assigned to seismic units vary significantly 
because of the sparse and variable quality of the chronostratigraphic data, the variable 
seismic data quality (especially at shallow depths), the coarse grid of seismic lines 
(which can preclude tying events from one line to another) and the interpolation 
methods used to calibrate the seismic units (Kay, 1993; Overeem et al., 2001: 
Kuhlmann and Wong, 2008). Kuhlmann et al. (2004, 2006a, 2006b) and Kuhlmann and 
Wong (2008) have generated the most detailed analysis of the offshore Quaternary 
sediments using seismic data tied to wireline logs from several wells within an area near 
the centre of the basin combined with extensive analysis of palynomorphs, 
dinoflagellates, foraminifera and palaeomagnetism from the wells (Figure 2.24).  
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The deltaic progradation described above commenced in the mid Miocene above a basin 
wide unconformity (the Mid-Miocene Unconformity) and the delta front reached the 
Dutch offshore area and merged with the southern North Sea deltaic systems during the 
Early Pleistocene (Figure 2.23) although no direct correlations have been made with the 
units identified by Cameron et al. (1989) in the area between East Anglia and the 
Netherlands.   Some of the units originally identified by Kay (1993) and used in 
Overeem et al. (2001) are used in the regional seismic line in Cameron et al. (1993). 
 
Overeem et al. (2001) grouped their seismic units into five groups that appear to be 
broadly, but not directly, equivalent to the five palaeoenvironmental intervals identified 
by Kuhlmann et al. (2006a) from a more detailed palaeontological study in the central 
part of the basin (Figure 2.24). In the following summary of the work by Overeem et al.  
(2001), Kuhlmann et al. (2006a, 2006b) and Kuhlmann and Wong (2008) the age 
determinations of Kuhlmann et al. (2006a, 2006b) will be used along with their seismic 
units and those of Overeem et al. (2001) (prefixed by S and D respectively). 
 
The basal unit (D1-8, S1-S4) is of Miocene to late Pliocene in age and represents the 
progradation westwards of a wave-dominated delta with a straight front deposited in 
relatively deep open seas within a temperate climate.  The delta was fed from the 
northwest by the Eridanos River system and, possibly, by north German rivers. 
Overeem et al. (2001) interpreted a progressive fall in depth of water during this time, 
based on the average clinoform height within seismic units (Figure 2.25), with little or 
no sedimentation in the centre of the basin. 
 
 
 
Figure 2.25. Average clinoform height of seismic units indentified by Overeem et al. 
(2001), representing water depth in the depocentre. From: Overeem et al., 2001, Figure 
13B. 
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Figure 2.26: Sediment accumulation rates of the seismic units versus age. The numbers 
of the seismic units from Overeem et al. (2001) are shown inside the dots, and the 
corresponding units of Kuhlmann and Wong (2008) are written beside the dots. Ages 
are from Kuhlman and Wong (2008). Note that the correct vertical scale is km3/1000 
years. From Kuhlmann and Wong, 2008, Figure 15b.  
 
The earliest Pleistocene units (D 9 – 11, S5, MIS 103 to 96) are marked by a change in 
the delta front to a lobate form, indicating the dominance of fluvial processes, and a 
dramatic increase in the sediment accumulation rate (Figure 2.26).  During this time the 
delta front lay above the major Mesozoic tectonic feature of the Central Graben and 
there were mass movements within the younger units of this interval on the delta front. 
Kuhlmann et al. (2006a) also interpreted the palynological record as recording the 
earliest cold interval, alternations of cold and warm climates, fluctuations in sea level 
and freshwater influences and an environment transitional between open and restricted 
marine conditions. 
 
The high rates of sedimentation continued in the succeeding units (D12-14, S6-9 MIS 
96 to MIS 81-71) and there was a southward shift in the depocentre, a major drop in 
relative sea level, the development of two, low gradient, deltaic lobes and extensive 
mass movement (slumping) on the delta front and an increase in the rate of 
progradation.  The supply of sediment from a southerly source becomes apparent for the 
first time (SØrensen et al., 1997).  Kuhlmann et al. (2006a) record reworked and 
erosional surfaces within this interval. Sedimentation rates declined during this period, 
the climate became progressively more arctic and the depositional environment changed 
from a restricted marine to shallow marine with periodic sea-ice cover and occasional 
open marine, warm conditions. 
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The delta front of the next group of units (D15-18, S10-11?, MIS81-72 to MIS71) has a 
lobate upper section and a lower delta fan.   The shapes of the seismic reflectors indicate 
both aggradation and progradation and the position of the delta front was probably 
determined by variations in the local accommodation space related to the underlying 
Central Graben structure. Water depth fluctuated slightly but appeared relatively stable 
(Figure 2.25).  Sediment input from the south (proto-Weser) increased during this 
interval as the influence of the Baltic river system was phased out in this area. The 
palaeoclimatic signals were predominantly arctic in a shallow marine sea with periodic 
sea-ice cover and occasional open marine, warm conditions.  
 
The upper units (D19 – 27, S12-13 and above, younger than MIS 71) are characterized 
by lateral variations in thickness and records fluviatile to delta top environments and 
aggradation as the delta front migrated northwestwards.  Deposition and preservation 
was probably determined by local accommodation space and may have occurred only 
during sea level high stands (Kuhlman and Wong, 2008).  The proto Weser and Rhine-
Meuse systems became the primary sediment sources in the upper part of this unit. 
There are indications of a sediment input from the UK in the D19-21, 27 and 28 units. 
The upper units of Overeem et al. (2001) probably include younger units than those 
studied by Kuhlmann and Wong (2008) as well as some units which thicken to the west 
of their study area. The upper units of Overeem et al. (2001) contain tills and the 300-
400 ms seismic interval above unit S13 is not described by Kuhlmann and Wong 
(2008). Units D21 and D26 contain anomalously large sediment volumes and Overeem 
et al. (2001) attributed this to large influxes of glacially derived material associated with 
the onset of glaciation in the Fennoscandian shield. Units D22 - 27 contain alternations 
of tills and a delta top facies in Borehole 89/2 (see Figure 2.22 for location) (Overeem et 
al., 2001). 
 
Rijsdijk et al. (2005) identified a major basin wide unconformity at the top of the 
Markham’s Hole Formation (MKH) that separates the Yarmouth Roads Formation into 
two distinct (as yet unnamed) formations. Rijsdijk at al. (2005) correlated the MKH 
with the youngest distal deposits of the Eridanos River recognized by Overeem et al. 
(2001), presumably Units D15 – 18 or older as these record the last traces of the Baltic 
River in the Netherlands offshore area.   Kuhlmann and Wong (2008) have dated 
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Overeem et al.’s units D15 -18 as  ~1.8 – 2.0 Ma but de Gans (2007) assigned an age of 
1 Ma to the MKH in his review of the Netherlands Quaternary (Figure 2.27). 
 
Initially, the reflectors separating each of the offlapping wedges in the UK sector were 
thought to reflect basin wide disconformities resulting from eustatic falls in sea level in 
response to cold stages (Cameron et al., 1984; Balson and Cameron, 1985; Long et al., 
1988).  Later work found that the disconformities were not basin wide (e.g., Cameron et 
al., 1992, SØrensen et al., 1997, Overeem et al., 2001, Rijsijk et al., 2005) and that the 
offshore record has not provided a simple history of alternating warm and cold climates 
with associated changes in sea level.  The record is much more complex where 
subsidence, sediment supply and autocyclic changes within the deltaic system have 
interacted with eustatic changes in sea level to generate composite relative sea level 
cycles of varying frequency (SØrensen et al., 1997) that are not always consistent across 
the basin (Kay, 1993).  
 
 
Figure 2.27. Correlation of the Quaternary sequences in the Netherlands. MH = 
Markham’s Hole Fm, SP= Sole Pit Formation. From de Gans, 2007. 
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2.1.4 Summary of current views on Early to early Middle Pleistocene of East 
Anglia 
 
The basic lithostratigraphic units identified by the Victorians for the Crags and Cromer 
Forest –bed are still in general use.  
 
The subdivision and correlation of the Victorian lithostratigraphic units have been 
supplemented by the definition of stages based on pollen assemblages and foraminifera 
by West and Funnell (Figure 2.1). These stages have been widely used, especially in 
biostratigraphic studies. 
 
The palynoflora and fossils indicate a number of warm and cold climatic phases. 
 
The units offlap and young to the north in outcrop but more complete sections showing 
the superposition of units have been found in deep boreholes within troughs.   
 
Coarse, shelly sands in the basal parts of “troughs” within Norfolk and Suffolk (Pre-
Ludhamian, Ludhamian of West and Funnell, 1977) have been correlated with the Red 
Crag of southeast Suffolk. 
 
An unconformity is thought to exist at the base of the Norwich Crag (sub 
Antian/Bramertonian) in Suffolk.   
 
The correlation and subdivision of the younger units (CF-bF, Weybourne Crag) are 
more complex than envisaged by West (1980a), especially on the north Norfolk coast. 
 
Most of the marine crag sediments were deposited in tidally dominated regimes with 
more limited evidence of wave dominance in, e.g, the Westleton Beds. 
 
The gravels within the Norwich Crag Formation are characterized by > 90% flint clasts 
whereas the younger gravels in fluvial deposits and the Wroxham Crag contain 
significant percentages (> 20%) of quartzose material and other far travelled material.  
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Two major river systems (Proto-Thames and Bytham) flowed northeast and eastwards 
across England to the marine basin throughout Pre-Anglian times.  Their drainage 
systems extended backwards across the Midlands into Wales and northern England. The 
drainage area is reflected in the far travelled clasts and reworked pre-Quaternary 
palynomorph assemblages of the fluvial and marine deposits in East Anglia. 
 
“Staircases” of terraces/aggradations were developed along the courses of the Bytham 
and proto-Thames rivers in response to Milankovich climatic forcing and progressive 
uplift in line with the “Bridgland Model”.   
 
The introduction of quartzose clasts to East Anglia by the rivers was a reflection of their 
increased ability to transport clasts over long distances and of increased erosion within 
the catchment.  This change was brought about by a general deterioration in climate 
with more extreme cold phases when vegetation was reduced, surface run-off increased 
and periglacial processes were active  
 
In East Anglia, the terraces post-date the deposition of the Norwich Crag and are largely 
coeval with deposition of the Wroxham Crag. 
 
Marine sedimentation of the Wroxham Crag was confined to eastern Norfolk and 
northeast Suffolk on the margins of the southern North Sea basin and is characterized 
by the presence of significant quantities of quartzose clasts and the bivalve Macoma 
balthica. 
 
The Red and Norwich Crags were laid down before 1.7 to 1.8 Ma and a major marine 
hiatus, of up to 1 Ma, exists in the late Early Pleistocene during which fluvial deposits 
were laid down in East Anglia. 
 
During the Early Pleistocene, East Anglia was located on the margins of the southern 
North Sea basin within which deltaic deposits accumulated.  The giant Eridanos (Baltic) 
River delta prograded westwards into the basin with subordinate sediment input from 
north Germany, the Netherlands and the UK. 
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The Early to Middle Pleistocene section thickens beneath the southern North Sea and is 
composed of several seismo-stratigraphic units that prograded from the UK and the 
Netherlands into a basin that opens to the north. The prograding units are overlain by 
the Yarmouth Roads Formation which is a basin wide unit composed of fluvial and 
delta top facies, that has been correlated with the Cromerian interval and Kesgrave 
Sands and Gravels onshore. 
 
The correlation of individual seismo-stratigraphic units offshore East Anglia with the 
onshore geology is ambiguous, as is their correlation with the seismo-stratigraphic units 
of the giant Eridanos deltaic complex to the north of the Netherlands and Germany. 
 
The Red and Norwich Crag correlate, in part, with the Maasluis and Oosterhout 
Formations of the Netherlands and their age is also thought to correlate with the Dutch 
Tiglian and Praetiglian stages, although the Waltonian Red Crag may be Reuverian in 
age. 
 
Many of the debates that surrounded the understanding of the Pleistocene in East Anglia 
at the end of the Victorian era still prevail together with some more focused issues.  The 
main areas of the modern debate concern: 
 
• The relationships of biological proxies, sedimentation and geomorphology to the 
deep-sea records of climate change and sea level fluctuation  
• The bases of different correlations and the ages of the Early Pleistocene 
sediments preserved in East Anglia. 
• The correlation of the onshore and offshore sequences. 
• The course of the proto-Thames and Bytham rivers across Norfolk and Suffolk 
and how they may have changed during pre-Anglian times. 
• The existence of an Ancaster river system 
• The ages of the different pre-Anglian terraces/aggradations of the Bytham and 
proto-Thames rivers. 
• The lateral extent of Crag deposits across southeast England and the timing and 
magnitude of subsequent uplift. 
• The depositional, climatic and chronological complexity within the Cromer 
Forest-bed Formation 
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• The extent and nature of the hiatuses within the Early Pleistocene sediments 
 
2.2 Tectonic context 
 
Over the last 20 years the understanding of the extent and history of Cenozoic uplift of 
the British Isles has increased significantly, largely as a result of detailed analysis of the 
offshore sedimentary basins and Quaternary onshore fluvial records. The offshore 
basins record a fuller sequence than those onshore, where they have been subjected, in 
many areas, to widespread glaciation resulting in the erosion or burial of earlier 
sediments. Offshore, seismic and geological analyses have identified multiple phases of 
uplift and deformation/tilting during the Cenozoic: Eocene; Oligocene; Miocene–lower 
Pliocene; and lower Pliocene–Holocene (see review in Anell et al., 2009).  
 
Whilst the identification of several phases of uplift is generally accepted, the causes 
remain controversial with no explanation being generally accepted and “the 
fundamental causes of the surface uplift remain enigmatic” (Blundell and Waltham, 
2009). The possible explanations for the uplift include: isostatic adjustment to surface 
erosion (Bridgland, 1994: Watts et al., 2000, 2005; Maddy and Bridgland, 2000; Huuse, 
2002; Lane et al., 2008; Hillis et al., 2008; Bridgland and Westaway, 2008); intra-plate 
compressive stress resulting from Atlantic opening push forces (Kooi et al., 1991; Hillis 
et al., 2008; Cloetingh et al., 2006; Doré et al., 2008); mantle plumes and fluctuations 
within the mantle convection cells (Brodie and White, 1994; Lovell, 2010; Japsen et al., 
2007; Praeg et al., 2005) and, for the late Neogene and Quaternary, isostatic adjustment 
resulting from flow within a ductile lower crust as a result of ice and/or water loading 
(Westaway et al., 2002; Blundell and Waltham, 2009). However, questions exist as to 
either the adequacy or even the viability of each of these proposed uplift mechanisms 
and the structures recorded (see, e.g., Blundell and Waltham, 2009; Clayton and 
Shamoon, 1999; Japsen and Chalmers, 2000; Nielsen et al., 2002; Stoker et al., 2010).  
As a result, most authors invoke a combination of mechanisms to explain the uplifts and 
associated structures and it is also not clear if the same mechanisms were responsible 
for the different uplift phases.  
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Figure 2.28 Tectonic and basement lineaments of East Anglia and the southern North 
Sea. (data taken from: van Hoorn, 1987; Lee et al., 1993; Chadwick and Evans, 2005; 
Doornenbal and Stevenson, 2010; PESGB, 2011). 
 
 
Figure 2.29 Map of the European Variscides (modified from Franke 2000) showing the 
extent of strong Acadian deformation, and the probable lateral correlatives of the 
Rhenohercynian and North–Central Armorican zones. The stratigraphic columns in 
Figures 3 and 6 are not shown. From Woodcock et al., 2007. 
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East Anglia sits above a large basement high that extends across from the UK into 
Belgium known as the Anglo Brabant Massif (Figure 2.28). The basement rocks 
beneath the surface in East Anglia are composed of the Anglo Brabant Deformation 
Belt, which is bounded to the southwest by the Midlands microcraton (Winchester at al., 
2002)(Figure 2.29).  This deformation belt is inferred to have developed in the early 
Devonian (Winchester et al., 2002) and to have remained a “buoyant” high since then 
(Busby et al., 2006). Relatively little is known about the composition of the basement 
because of the limited number of deep boreholes penetrating it. The geophysical 
anomalies within the basement are dominated by a northwest-southeast trend. A large 
gravity low to the northeast of East Anglia reflects a Carboniferous and Mesozoic basin 
(the Sole Pit Trough) on the southwest side of the major structural lineament of the 
Dowsing South Hewett Fault Zone. The Sole Pit Trough was inverted during the Mid-
Tertiary by several hundred metres (Cope, 1986; van Hoorn, 1987; Badley et al., 1989; 
Hillis, 1995). There are a number of gravity lows around the Wash and possibly in 
central, north Norfolk that are probably related to Caledonian granitic intrusions 
(Allsop, 1987, Chroston et al., 1987). There is also a large positive gravity anomaly 
between East Anglia and Belgium. Lee et al. (1993) consider that the prominent 
southeast trending lineaments in East Anglia represent important structural lines. Within 
East Anglia there are two prominent east-southeast trending magnetic lineaments and 
the southern one lines up with a series of the lineaments across Belgium.  Both these 
lineaments define major structures within the pre-Mesozoic basement on the northern 
margin of the Anglo Brabant massif (Lee et al., 1993). A major gravity lineament in 
Suffolk appears to be related to the Glinton Thrust and the Ipswich-Felixstowe High 
(Chadwick and Evans, 2005) (Figure 2.28). 
 
Chadwick et al. (1996) in a study of seismotectonics in the UK identified major fault 
systems in the UK that could be associated with earthquakes and a number of these 
cross East Anglia.  They concluded that seismicity in the southern UK is associated 
with distributed, dominantly strike slip re-activations of Variscan and Caledonide 
thrusts and other basement faults.  They considered that the reactivation of deep crustal 
faults or shallower basin controlling normal faults is unlikely in the current weak stress 
regime. 
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A number of workers have assessed the evidence for Cenozoic tectonism in East 
Anglia. The Victorians explained the variation in facies and the interpreted age 
differences of Crag sediments occurring at about the same level as the result of minor 
uplifts and subsidence (see, e.g., Harmer, 1902).  Boswell (1915a) considered that the 
marked change in the regional strike of the Chalk and the current drainage patterns in 
southern Suffolk indicated postglacial uplift along a northwest-southeast axis (the 
Ipswich-Felixstowe High in Figure 2.28). Woodland (1946) used boreholes to map 
northeast-southwest trending undulations in the top surface of the Chalk that he 
interpreted as possible folding associated with the subsidence of the Crag basins.  
Funnell (1961) wondered if the different levels seen in the boreholes at Ludham might 
indicate tectonic movement. Greensmith and Tucker (1980) suggested that Holocene 
sedimentation around the Essex coast had been affected by a northeast-southwest 
trending, monoclinal flexure.  Bristow (1983) interpreted a number of northeast trending 
faults bounding asymmetric basins and intervening ridges in the Crag of central Suffolk 
(broadly equivalent to Woodland’s folds) (Figure 2.30).  His fault interpretation relied 
largely on the shape of the base of the Crag and he considered that the faults were active 
during the deposition of the Red Crag. Funnell (1972) compared the shape of the Crag 
basins in this area to deep hollows in the floor of the English Channel that he attributed 
to seafloor scouring. One of the ridges identified by Bristow (the Sudbury-Bildeston 
Ridge) is associated with a northeast-southwest gravity anomaly that was subsequently 
interpreted with the aid of transient electromagnetic soundings as a basement ridge with 
100 m of elevation (Cornwell, 1985; Cornwell et al., 1996).   However, the geophysical 
data could neither prove nor disprove the existence of Quaternary bounding faults. 
Mathers and Zalasiewicz (1988) argued that all the Crag basins were probably erosional 
in origin as they found no evidence of faults in boreholes in a similar asymmetric Crag 
Basin near Orford and that the extensive offshore sparker surveys had not revealed any 
evidence for Quaternary faulting. Hamblin et al. (1997) reversed the logic to say that as 
the basins in the west were probably fault bounded, the basin near Orford was also 
probably fault bounded. Hamblin et al. (1997, their Figure 5) also interpreted a number 
of additional faults based on differences in the elevation of lithological boundaries 
between boreholes. Hopson and Bridge (1987) postulated a flexure or fault to explain an 
~10 m change in level of Baventian silts in the Toft Monks area, north of Beccles. 
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Figure 2.30. Map of syndepositional Crag faults. From Bristow, 1983, Figure 1.   
 
Bevan and Hancock (1986) identified a series of northwest trending fractures with 
northeast-southwest extension in the Mesozoic and Palaeogene rocks of southern 
England and in southern East Anglia they considered that the fractures were truncated 
beneath the Red Crag.  They considered that the stress regime responsible for the 
fractures was about the same age and same shape as that creating the neotectonic faults 
in the Lower Rhine Graben, but unlike the Rhine Graben it did not continue through the 
Pleistocene in East Anglia. Balson and Humphries’ (1986) comprehensive study of 
fissures in the Crag of Suffolk and Essex found no significant evidence for lateral or 
vertical movement on the fractures apart from one fault in the Coralline Crag.  They 
concluded that the joint pattern formed in response to “gentle tensional flexuring” 
related to the rapid downwarping of the southern North Sea basin in the early 
	  105	  
Pleistocene that they also associated with the neotectonics of the Rhine graben. Mathers 
and Zalasiewicz (1988) attributed the uplift of the southern part of the Crag basin during 
the Pleistocene to a combination of marginal uplift associated with the Southern North 
Sea subsidence and the progressive eastward tilting of the British isles in response to the 
opening of the Atlantic.  Bridgland and D’Olier (1995) describe a monoclinal structure, 
presumably within the Palaeogene, in the southern North Sea extending southeastwards 
from the coast between Orford and Clacton, which is partly fault controlled on the steep 
southwest facing limb, and they thought it may have recent earthquakes associated with 
it. 
 
The evidence for early to mid-Quaternary uplift of the onshore area in southern Britain 
has been derived from the record of river terraces (e.g. Maddy, 1997; Maddy et al., 
2000; Westaway et al., 2002; Lee et al., 2006; Bridgland and Westaway, 2008; 
Westaway, 2008; Rose, 2009; 2010; Bridgland, 2010; Westaway and Bridgland, 2010), 
raised beaches (e.g. Preece et al., 1990; Westaway et al., 2006), analysis of topography 
(Watts et al., 2005; Lane et al., 2008) and the elevation of the Plio-Pleistocene marine 
Crag deposits in East Anglia (see for example: Prestwich, 1871c; Harmer, 1902; Van 
Voorthuysen, 1954; Mathers and Zalasiewicz, 1988; and Gibbard et al., 1998) and their 
dissection by fluvial processes during both warm and cold climates of the Early to 
Middle Pleistocene (Rose et al., 2002).  Westaway et al. (2002) consider that uplift 
began around 3.1 Ma with the onset of upland glaciation in Europe and accelerated after 
OIS 22 in response to cyclic loading of very large continental ice sheets.  They estimate 
that up to 200 m of uplift has occurred in the Middle Thames around Reading since the 
Pliocene and the amount of uplift decreases eastwards along the proto-Thames course to 
70 m in the Clacton area, in Essex.  Westaway (2008) has argued that the area of the 
Bytham River has experienced three phases of vertical crustal motion starting at ~3.1 
ma, ~2.0 Ma, and ~ 0.9 Ma which together total ~85 m of uplift near Mildenhall since 
the start of the Middle Pleistocene and the amount of uplift deceases eastwards.  He also 
speculated that there was a hinge zone between the uplifting and subsiding areas 
running approximately along the current Suffolk coast.  Leeder (2008) has proposed that 
the uplift seen in Norfolk is a result of isostatic adjustment to the deep glacial scouring 
of the Jurassic sediments to the west of the Chalk outcrop by Anglian ice sheets (MIS 
12).  
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Chapter 3 
Critical evaluation of the prevailing bio-stratigraphical frameworks 
used to correlate the Early to early Middle Pleistocene marine 
sediments in East Anglia. 
 
3.1 Introduction 
 
Historically, the Pleistocene sequence in East Anglia was divided into the Red, Norwich 
and Weybourne Crags on the basis of molluscs and lithology and fluvial deposits of the 
Cromer Forest-bed.  The outcrops become progressively younger northwards (Harmer, 
1902). The pollen based stratigraphy developed by West (1961, 1963, 1968, 1980a, 
1989) was an important development in stratigraphic concepts for subdividing the Early 
and early Middle Pleistocene sediments of East Anglia.  West’s detailed study of coastal 
sections in Norfolk and Suffolk provided a substantial database, particularly for the 
upper part of the sequence.  West’s stratigraphic framework has remained largely 
unchallenged (but see Jones and Keen, 1993, Rose et al., 2001 and Rose, 2009) and is 
still used widely, especially in contemporary palaeoenvironmental studies (Wood et al., 
2009).  A chronostratigraphic framework is a prerequisite for understanding the tectonic 
history and therefore the traditional model will be evaluated in the light of recent 
developments with the apparently equivalent Dutch sequence that originally had a 
similar conceptual basis of alternating temperate and cold, pollen based stages to that 
used by West; i.e., cold and temperate stages can be separated principally on the ratio of 
arboreal to non arboreal pollen (Zagwijn, 1957) and temperate stages could be 
subdivided on the basis of vegetational development (Turner and West, 1968), the 
presence, absence or abundance of certain taxa (e.g., Tsuga, Tilia, Abies, See West, 
1980b, Figure 16), and the establishment of type sites (Beck et al., 1972, Mitchell et al., 
1973, West, 1961, 1963, 1980a, 1981, 1989). West’s stratigraphic framework has been 
supported by interpretations of foraminifera (Funnell, 1961; Funnell and West, 1977), 
molluscs (Norton, 1967; Norton and West, 1967; Funnell et al., 1979), and 
dinoflagellates (Wall and Dale, 1968; Head, 1996, 1998a).   
 
Since the Dutch and East Anglian pollen based stages were defined, extensive work on 
isotopic records from deep-sea cores, starting notably with Shackleton and Opdyke 
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(1973), have identified a far larger number of warm/cool alternations than have been 
recognised in the pollen models.  Moreover, correlations between the Netherlands 
stages and those of the UK are not straightforward (West, 1980a, Gibbard et al., 1991). 
The Dutch Pliocene – Lower Pleistocene sequence (Figure 3.1) has been considered to 
have a more complete section than is present in East Anglia (Gibbard et al., 1991).   
More recently the subdivision and correlation of the Cromerian has been found to be far 
more complex than shown below (see, e.g., Preece and Parfitt, 2008, 2012; Preece et al., 
2009) 
 
 
Figure 3.1.  Correlation of Early and Middle Pleistocene pollen based stages in East 
Anglia and the Netherlands. From Gibbard et al., 1991. Fig. 8. 
 
3.1.1 The Netherlands 
Recent work has questioned the validity of the stratigraphical subdivision and 
correlation of the Dutch pollen assemblages and their usefulness for intercontinental 
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correlation (Drees, 2005; Donders et al., 2007; Kemna and Westerhoff, 2007; Leroy, 
2007; Kemna, 2008).  The Dutch sequence, like that in Britain, is a composite of many 
sites with short sections representing short time intervals with repetitive floras (de Jong, 
1988; Leroy, 2007).  However, unlike the British record, the pollen has been recovered 
predominantly from non-marine sediments (de Jong, 1988).  The absence of long 
sections showing both the upper and lower transitions of warm and cold stages (Drees, 
2005) and the lack of floral successions in, for example, the Early Pleistocene (de Jong, 
1988; Leroy, 2007), presents problems in linking the short sections with one another 
(Drees, 2005; Leroy, 2007). Multivariate analysis of the pollen data has indicated a 
strong lithological bias in the assemblages related to depositional environments rather 
than to climate and the importance of the contribution of local vegetation in relation to 
the regional signal.  The recorded distributions of key genera are also influenced by 
sample resolution and site location rather than climatic factors (Drees, 2005; Donders et 
al., 2007, Kemna and Westerhoff, 2007).   
 
                                                                                                                                                                     
The earlier interpretations and correlation are, in part, a subjective over-interpretation of 
the data (Donders et al., 2007) based on a conceptual model relating assemblages to 
climate and to a number of climatic cycles/sub-cycles. Once the climato-stratigraphic 
scheme was established it is easy to understand the attraction of, and the “anchoring” of 
thought processes (Tversky and Kahneman, 1974) on the deductive model of 
pollen/climate stages in the Netherlands. This scheme provided a coherent framework 
within which to place fragmented data without any need to challenge the core 
assumptions. However, the lack of an independent method by which to verify the 
chronology and number of climatic cycles means that the approach to the interpretation 
of the fragmented pollen data sets, other palaeontological data and the model itself can 
all easily be adjusted to accommodate one another in a set of self-supporting arguments. 
Over time, the underlying assumptions contained within the palynological 
interpretations have been taken for granted and the stratigraphic framework has become 
a “black box” in the literature for which authors no longer need to provide supporting 
references (Latour and Woolgar, 1986).   However, the more recent work in the 
Netherlands indicates that there is a potential paradigm shift (Kuhn, 1962) away from 
the primacy of the pollen based chronology to one in which greater emphasis is placed 
on the integration of palaeontological data with lithostratigraphy and seismic 
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stratigraphy (Jansen et al., 2004; Risjdijk et al., 2005; Slupik et al., 2007; Kuhlmann and 
Wong, 2008). 
 
Figure 3.2.  Locations discussed in the text.  National Grid squares are 10 km. Carg is 
absent from coloured area. 
 
3.2 East Anglia 
The prevailing stratigraphical models for East Anglia have been assembled using a 
similar logic to that in the Netherlands with pollen assemblages interpreted as records of 
climatic fluctuations.  Unlike the Dutch sequences, the East Anglian Early and early 
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Middle Pleistocene stages are based predominantly on pollen recovered from marine 
rather than fluvial sediments. Broadly the stratigraphy falls into two groups: northeast 
Norfolk and the Red and Norwich Crag outcrops of Norfolk and Suffolk.  Northeast 
Norfolk is characterized by a complex lithostratigraphy of generally thin sequences that 
are exposed, albeit sporadically, over many miles along the coast and these have been 
much more easily sampled and in much more detail than the outcrops of the Norwich 
and Red Crags to the south. The northern area has generally, but not always, been 
considered to be younger than the sediments to the south and the stratigraphic link 
between the two areas has not been straightforward (West, 1980a; Gibbard et al., 1991, 
1998).   
 
The Ludham borehole (West, 1961; Funnell, 1961) was the first long continuous Early 
Pleistocene section to be described and was used to define the upper and lower 
boundaries of several pollen-defined stages (Table 3.1).   The Ludham borehole has 
been very influential in the development of the stratigraphic model although no 
subsequent deep borehole (e.g., Aldburgh/Sizewell, Ormesby, Stradbroke) has revealed 
a similar sequence of pollen assemblages that can be easily correlated with it (Beck et 
al., 1972; Zalasiewicz et al., 1988; Harland et al., 1991).  Table 3.1 lists outcrops and 
boreholes in which Early to early Middle Pleistocene stages have been identified 
primarily on palynological grounds in Norfolk and Suffolk.  The table reveals the 
limited number of locations for several pollen-defined stages (Pre-Ludhamian, 
Ludhamian, Thurnian and Beestonian), the changes in stage assignments (particularly 
from Pastonian to Bramertonian in Suffolk) as well as some ambiguities in stage 
assignments.  
 
The oldest stage in northeast Norfolk is the ‘Pre-Pastonian a’ which has been equated 
with the same cold phase as the Baventian of the Norwich Crag further south (Funnell, 
1987; Gibbard et al., 1991, 1998; Zalasiewicz et al., 1991). If the cold assemblages 
belong to the same stage then the marine sediments assigned to the cold “Baventian/Pre- 
Pastonian a” stage are interpreted as the most persistent and widespread Early 
Pleistocene deposit across Norfolk and Suffolk (Figure 3.3). 
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Pre 
Lud. Lud. Thurn. Antian Baven. Bram. 
Pre-
Past. Past. Beest. 
Location          
Weybourne    (18)  (18) (18)   
Skelding Hill        14  
Beeston       14 14 14,16 
West Runton       14 14,19 14,16 
Overstrand       14 14  
Sidestrand       14 14,19  
Trimingham        14  
Paston- Mundesley       14 14,16,19 16 
Bacton        14  
Ostend       14   
Happisburgh  ?14 (?14)  (?14)  14 14  
Ludham  1 1 1 1  1, 14 1,16,19  
Ormesby 3      3 ?3  
Great Yarmouth  9      8  
Corton        14  
Pakefield       14 14  
Bramerton   9   13 13   
Aldeby     15     
Beccles  9        
Outney Common      7  19  
Syleham   9 9      
Hoxne   9 9      
Stradbroke 8 8        
Covehithe     6, 14     
Easton Bavents    5 5, 6     
Wangford      13  4, ?2  
Reydon   4       
Thorington     17     
Sizewell 4    4 13 2 4, ?2  
Thorpe Aldringham      13  4,?2,19  
Aldeburgh/Sizewell  10     10    
Aldeburgh      13  4,?2,19  
Hill Farm     (11)  (11)   
Captain's Wood     (11)  (11)   
Chillesford Church       13  4, ?2, 19  
Chillesford brick pit     (11)  (11)   
Great Blakenham    (12)  (12)    
 Key         
 ? 14  - indicates questionable assignment    
 (14) - indicates alternative possible assignments   
     9 -  indicates initial assignment amended in later work  
   18 - data derived from reworked clasts    
References:          
1 - West, 1961; 2 - Funnell & West, 1977; 3 - Harland et al., 1991; 4 - West & Norton, 1974; 5 -  Funnell & West West, 
1962; 6 – West et al., 1980; 7 – West, 1988; 8 – Beck et al., 1972; ; 9 – Beck, 1971; 10 – Zalasiewicz et al., 1988; 11 – 
Zalasiewicz et al., 1991; 12 – Gibbard et al., 1996; 13 – Funnell et al., 1979; 14 – West, 1980a; 15 – Norton & West 
Beck, 1972; 16 – West & Wilson, 1966; 17 – Richards et al., 1999; 18 – Mayhew & Gibbard, 1998; 19-West, 1972 
 
Table 3.1. Records of pollen based stages from the Early and early Middle Pleistocene 
of East Anglia. Pre-Lud = Pre-Ludhamian, Lud = Ludhamian, Thurn = Thurnian, Baven 
= Baventian, Bram = Bramertonian, Pre-Past = Pre-Pastonian, Past = Pastonian, Beest = 
Beestonian. Red are warm and blue are cold stages. For locations see Figure 3.2. 
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Figure 3.3. Schematic correlation of Red and Norwich Crag deposits in East Anglia, 
assuming correlation of the Chillesford Clay with the Easton Bavents Clay and with 
deposits of ‘Pre-Pastonian a’age (The Baventian/’Pre-Pastonian a’ correlations are 
emphasized with diagonal ornament). Correlations with the Netherlands' sequence 
following Gibbard et al. (1991) is also shown. Unconformities shown in the sequence 
are interpreted from biostratigraphical data. From Zalasiewicz et al., 1991, Fig. 11. 
 
The majority of the palynological records come from the combined “cold” Pre-
Pastonian and Baventian stage across Norfolk and Suffolk, the combined “warm” 
Antian/Bramertonian stage concentrated in Suffolk and the “warm” Pastonian stage in 
east Norfolk.  The number of pollen samples used to identify a stage at each location 
varies, e.g., from one for the Pastonian at Pakefield to sixteen for the Ludhamian at 
Ludham.  Along the North Norfolk coast many of the records for the stages are 
amalgams of a few pollen assemblages from separate exposures (e.g., see discussion on 
Pastonian stage below). 
 
Jones and Keen (1993, p.40 - 42) summarised a number of potential problems in the 
evaluation and correlation of Lower Pleistocene deposits in East Anglia: 
 
• Similarities of faunas at different horizons (see also: de Jong, 1988; Funnell and 
West, 1977; West, 1981, 1988); 
• The lack of superposition of most of the units in outcrop; 
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• Taphonomic effects on pollen assemblages: reworking, differential destruction 
and recruitment of pollen dependent on sedimentary environments (see also: 
West, 1980a, 1981, 2000; Gibbard, 1988); 
• Deposition occurred at the edge of the basin and small changes in sea level 
could lead to local unconformities and hiatuses in the sequence; 
• Reworking of older foraminifera and molluscs (See also, Funnell, 1988, Funnell 
in Gibbard et al., 1991; Norton, 1967); 
• The uncertain westward margin of the Crag seas; 
• Lithostratigraphic studies have lagged behind biostratigraphic studies 
(Zalasiewicz et al., 1988);  
 
The recent work on the Dutch sequences suggests that West’s model, method of 
analysis of the palynological data and the integration with other palaeontological data 
may suffer from three fundamental problems (Section 3.1.1):  
 
• The subjective interpretation of the distinctiveness of stages, sub-stages and 
biozones;  
• The relationship between palynological assemblages and climatic stages, and, 
• The lack of good lateral and vertical exposures with which to constrain and 
correlate the sequential classification of pollen assemblage biozones (p.a.b.’s)  
 
The following discussion is not designed to prove or disprove the current stratigraphic 
model but to illustrate the uncertainties and ambiguities within it and so demonstrate 
that the current paradigm is a weak one with which to constrain or build correlation and 
palaeoenvironmental models. 
 
3.2.1 The logic and problems in the definition and correlation of stages. 
 
The problems and ambiguities of warm, pollen assemblages is exemplified by the 
Chillesford p.a.b of West and Norton (1974) that they identified at several locations in 
Suffolk and initially correlated with the Pastonian of the North Norfolk Coast (West, 
1972).  The age of this p.a.b. in Suffolk was amended later to correlate with the newly 
defined Bramertonian (Funnell et al., 1979). Subsequently it was proposed that the ‘Pre-
Pastonian a’of West (1980a) and the Baventian were possibly equivalent or different 
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parts of the same cold phase. Similarly, the warm Antian and Bramertonian stages were 
considered to be part of the same warm stage (Funnell, 1987, Zalasiewicz et al., 1991. 
Gibbard et al., 1991) and thus many of the records from Norfolk and Suffolk appear to 
fall in either one warm (Antian/Bramertonian) or one cold (Baventian/Pre-Pastonian a) 
phase.  This revision to the sequence of stages also helped resolve the apparent 
discrepancy in the evolutionary lineages of voles identified in Mayhew and Stuart 
(1986) where forms recovered from the Bramertonian appeared to be older than those 
from the Baventian. 
 
However, the bivalve Macoma balthica has been recorded in sediments attributed to the 
‘Pre-Pastonian a’and Pastonian stages at Mundesley, Trimingham, Overstrand and West 
Runton (Norton in West, 1980a) but not in any sediments with Baventian or older 
pollen assemblages. The presence of M.balthica has been used by some authors to act as 
a “First Appearance Datum” for the youngest part of the Crag sequence referred to as 
the Weybourne Crag and Bure Valley Beds (Reid, 1890) and Wroxham Crag Formation 
of Rose et al. (2001). The first occurrence in Norfolk has been correlated with first 
occurrences in the Netherlands attributed to the Late Tiglian Substage (Meijer, 1988) 
and therefore supporting the relatively young age assignment for the section. However, 
the identification of and value of M. balthica as a first occurrence datum has been 
questioned and it may have reached the North Sea as early as 2 Ma (Riches, 2010, 
Appendix 6). 
 
Another problem with warm pollen assemblages is illustrated by the interpretations of 
the sequence at Sizewell. The stratigraphic ages assigned to the sediments in boreholes 
and temporary sections at Sizewell based on pollen (West and Norton, 1974) and 
foraminifera (Funnell, 1983) are shown in Table 3.2.   
 
West and Norton (1974, p. 16) described pollen spectra of the Chillesford assemblage 
type from the outcrop in a trench at Sizewell that they ascribed to the Pastonian. The 
sediments at lower levels (-7 to -9 m) contained pollen assemblages similar to the 
Baventian of Ludham and Easton Bavents and the L4c zone (Pre-Pastonian) of Ludham.  
Funnell (1983) in a brief review of foraminifera from another borehole at Sizewell 
corroborated these correlations and also suggested that the sediments beneath might be 
 
	   115	  
Pollen   Foraminifera  
(West and Norton, 1974)   (Funnell, 1983)  
Depth (m OD)   Depth (m OD)  
3 to 4.5  Chillesford pollen assemblage  
 (Pastonian)  -1 to 3  Bramertonian 
-7 to -9 Baventian/L4c (Pre-Pastonian) -2.8 to - 17.6 Baventian 
   -19.1 to - 20.1 ? Antian 
   -23.9 to -31.1 ? early Antian 
   -35 ? Thurnian 
-36 to -37 Pre-Ludhamian  -35 to -47.9 Pre-Ludhamian 
~-48 London Clay  -48.3 London Clay 
 
Table 3.2. The stratigraphic ages assigned to the sediments in boreholes and temporary 
sections at Sizewell based on pollen (West and Norton, 1974) and foraminifera 
(Funnell, 1983). 
   
Antian, overlying possible Thurnian, on top of sediments that he correlated with the 
Pre-Ludhamian. West and Norton (1974) assigned a Pre-Ludhamian age to the pollen 
assemblage from approximately the same level as the top of Funnell’s basal unit.  Thus, 
in this interpretation there is no Ludhamian present and the Chillesford pollen 
assemblage seen at Sizewell and correlated with Chillesford section overlies Baventian 
assemblages. Subsequently, Funnell et al. (1979) correlated the Chillesford pollen 
assemblage at Chillesford with the newly recognized Bramertonian at Bramerton.  
Later, Funnell (1987, in Gibbard et al. 1991) and Zalasiewicz et al. (1991) considered 
that the Bramertonian was equivalent to or formed part of the Antian warm stage.   
Thus, the Chillesford type pollen assemblages from the sediments at the top of the 
section at Sizewell have, at times, been credibly correlated with Pastonian, 
Bramertonian and Antian age sediments whilst lying above Baventian age sediments.  
This range of interpretations suggests a degree of ambiguity or subjectivity in the 
criteria used to recognize or distinguish these units.  A possibly subjective use of 
selected data can also be illustrated by the use of the presence and abundance of Tsuga 
pollen as a stratigraphic indicator, e.g. in West and Norton (1974) it is stated that “Few 
grains of Tsuga were encountered in the spectra of the Chillesford assemblage (at 
Chillesford Church Pit), and this makes correlation with the Ludhamian or Antian 
improbable” (p. 17) whereas subsequently the section has been considered to be 
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Bramertonian and therefore probably part of the Antian (Funnell et al., 1979, Funnell, 
1987, Gibbard et al., 1991, Zalasiewicz et al., 1991). 
 
The Ormesby boreholes were drilled and extensively cored by the British Geological 
Survey (Harland et al., 1991) and were expected to encounter a similar Pleistocene 
succession to that of the Ludham borehole, 14 km to the west-northwest.  However, the 
palynological and fossil data led Harland et al. (1991) to give the section in the 
Ormesby borehole a significantly different age sequence from that at Ludham although 
the lithological sequences are similar (Figure 3.4).   
 
The section dated as Pre-Ludhamian at Ormesby had pollen spectra “similar to those of 
Zone Lu2 (Thurnian) of the Ludham borehole” (Harland et al., 1991, p. 656) but was 
differentiated from it by lower concentrations of Tsuga (which only ranged up to 4% at 
Ludham!) even though the main floral elements were very similar (see Table 3.3).  The 
differences in very low percentages of Tsuga pollen between the two assemblages could 
be the result of sample errors, taphonomy or reworking and cannot provide a reliable 
basis for stratigraphic separation.  
 
 Ludham Ormesby 
 Thurnian Pre-Ludhamian 
 % % 
Pinus 17 - 38 15 - 55 
Alnus 5 - 8 5 - 10 
Picea 2 - 7 < 5 
Ericales 27 - 52 30 - 60 
Gramminae 3 - 12 5 - 10 
Sphagnum 5 - 15 5 - 35 
Arboreal pollen 35 - 55 ~ 40 
   
No. of samples 11 41 
ave no. counted /sample 244 > 150 
 
 
Table 3.3. Comparison of percentages of the major pollen components of the Thurnian 
section from Ludham and the Pre-Ludhamian section in Ormesby (data derived from 
Figure 2 in West, 1961, and Figure 6 in Harland et al., 1991). 
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Figure 3.4.  Lithological logs of the Pleistocene sequences in the Ormesby and Ludham 
boreholes and palynological ages given to the sequence (Ormesby – Harland et al., 
1991; Ludham – West 1961). The lithological sequence for Ormesby is from Harland et 
al. (1991) and for Ludham has been drawn using data in Funnell (1961), West (1961) 
and Norton (1967).  The interpreted ages for the sections are shown by bars alongside 
the lithology to indicate the zones where samples were recovered.  The dotted lines 
represent a lithological correlation. The depth scale for the Ormesby borehole is 
measured depth below the surface and is positioned in relation to the Ordnance Datum 
shown on the Ludham section. See Figure 3.2 for borehole locations. 
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The dinoflagellates from below the “Pre-Pastonian” at Ormesby show most similarity 
with the Ludhamian of Ludham (Harland et al., 1961, p.651).  However, there is no 
dinoflagellate evidence at Ormesby for the Thurnian zone seen at Ludham with its 
relatively rich dinoflagellate fauna dominated by Operculodinium israelianum. Harland 
et al. (1991, p. 656) thought that the high concentrations of the foraminifera Elphidium 
hannai in the interval from 60 – 34.6 m might indicate a Ludhamian age although they 
ultimately assigned the interval to the Pre-Ludhamian and the ‘Pre-Pastonian a’stages.  
The absence of E. frigidum below 60 m in the assemblages at Ormesby was 
accompanied by an influx of planktonic forms and was taken to indicate a Pre-
Ludhamian age for the interval using the criteria in Funnell and West (1977). However, 
the criteria used by Funnell and West (1977) relied on foraminifera assemblages with 
sizes > 250 µm whereas Harland et al. (1991, Figure 5) used assemblages that were 
overwhelmingly < 250 µm in size.  Zalasiewicz et al., (1988, p. 247) state that the 
observed range of E. frigidum can be dependant on the approach to processing and the 
size fraction analysed.  Zalasiewicz et al. (1988, 1991) and Funnell and Booth (1983) 
have shown that there are significant differences in the composition of assemblages > 
250 µm and those of < 250 µm. The similarity of the lithological sequence and 
thicknesses of the units and some elements of the fauna and palynoflora in these two 
boreholes might suggest a simpler correlation (shown in Figure 3.4) and the 
complexities have been introduced by giving different emphases to the palaeontological 
data by Harland et al. (1991). Maher and Hallam (1975a, p.74) cite a personal 
communication from Funnell that he considered the section with Thurnian type pollen 
at Ormesby could be Thurnian in age.   
 
Published evidence for the Thurnian stage at sites other than Ludham is limited in East 
Anglia and has been recorded at Reydon (near Southwold) by West and Norton (1974) 
(although not included in West, 2000), possibly at Happisburgh (West, 1980a) and in 
the Westkapelle Ground Formation offshore (Cameron et al., 1984).  The dinoflagellate 
assemblages from the Thurnian interval at Ludham and offshore are dominated by 
Operculdinium israelianum that is found today in warm, shallow waters (Head, 1997) 
and is in contrast to the cold climate inferred from the pollen assemblages. Beck (1971) 
identified a pollen assemblage rich in Pinus (55%) at the base of Blakes Pit, Bramerton 
to which he attributed a possible Thurnian age.  Although this record is mentioned in 
Funnell and West (1977) it is not referred to in the subsequent major paper on the site 
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by Funnell et al. (1979). Beck (1971) also attributed a Thurnian age to pollen 
assemblages from two boreholes (Syleham, Hoxne), largely on the basis that they lay 
below intervals that he had classified as Antian in age. 
 
The Pre-Ludhamian stage has been correlated with the Red Crag in outcrop on a chain 
of logic linking together three lines of evidence:  
1) the similarities of the foraminifera assemblages found in the Stradbroke 
borehole with those of four Red Crag outcrop samples, each from a different 
location (Beck et al., 1972; Funnell and West, 1977); 
2) the normal polarity of the sediments within the Pre-Ludhamian which initially 
indicated an age at least as old as the Gilsa Event (1.68 Ma) (Beck et al., 1972) 
was later revised to the Gauss Chron on the basis of planktonic foraminifera 
(see: point 3 below)  
3) Funnell’s  (1987) records of Neogloboquadrina atlantica in the Pre-Ludhamian 
and Ludhamian intervals of the Stradbroke borehole, near the base of the 
Ludhamian in the Ludham borehole and in the offshore Red Crag Formation 
(boreholes 81/51, 81/1A of Cameron et al., 1984, 1989). The upper limit of N. 
atlantica in the North Atlantic is considered to be at 2.41 Ma (Gradstein et al., 
2005).  
 
Funnell (1987) provides no details of the frequency of occurrence and the abundance of 
N. atlantica but he makes reference to the description of the assemblages in Funnell and 
Booth (1983) and the subsequent, taxonomic revisions of the planktonic foraminifera.  
It would appear that the records of Globigerides bulloides in Funnell and Booth (1983) 
were, in part at least, reclassified as N. atlantica (Jenkins et al., 1988). Funnell (1987, 
p.3) states that N. atlantica “occurs consistently in Pre-Ludhamian samples from 176’ 
6” b.s. (= -29.5 m O.D.) to 234’ 5” b.s. (= -16.7 m O.D.) and sporadically in early 
Ludhamian samples…”. However, Funnell and Booth (1983) present data from samples 
at -29.5 m and -16.7 m but with no records in between. On this basis, the use of the 
word “consistent” for the occurrence over a 13 m interval may be a liberal interpretation 
of its presence.   In later work, Funnell (in Gibbard et al., 1991, p. 27) considered that 
the sediments in the deep troughs (as in the Stradbroke, Ludham, Ormesby, 
Aldeburgh/Sizewell boreholes) may contain “substantial amounts of locally reworked 
Pliocene material” as it is difficult to distinguish between reworked and 
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contemporaneous foraminifera because “neither staining, degree of abrasion nor 
encrustation of the species can be reliably used as distinguishing features, because all 
vary considerably in the Crags themselves in relation to variable iron content, 
diagenesis and grain size effecting variable preservation of indigenous specimens over 
short spatial and temporal scales”.  The reworked component could include N. atlantica 
as it is the dominant, planktonic form present in the nearby outcrops of Coralline Crag 
and has a “strong robust test” (Jenkins et al., 1988, p.2).  Funnell and West (1977) use 
their four foraminifera samples/assemblages from Red Crag outcrops in the 
chronological sense of the Red Crag “horizons” identified by Harmer (1902) in making 
their correlation between the Red Crag and Pre-Ludhamian interval.  Subsequently, 
Dixon (1979) demonstrated that Harmer’s ‘horizons’ were facies variations rather than 
different ages and his interpretation suggests that the foraminifera assemblages are more 
likely to be facies dependent than age diagnostic. Therefore, the similarity of 
foraminifera faunas and the presence of N. atlantica may be the result of reworking in 
the Pre-Ludhamian and a similar facies/depositional environment (predominantly shelly 
sands) rather than age.  Even without removing the age constraint imposed by N. 
atlantica, the normal polarity sediments could come from several levels within the very 
early Early Pleistocene and without the age constraint there is little to constrain its 
relative age within the Early Pleistocene. 
 
Although the palynological record for the Pre-Ludhamian was originally interpreted as 
being derived from a cool temperate type woodland (Funnell and West, 1977), the Pre-
Ludhamian stage has become progressively correlated with the cold Praetiglian stage of 
the Netherlands (Gibbard et al., 1991, Gibbard et al., 1997) on the basis of its position at 
the base of the sequence established in boreholes, its correlation with the Red Crag, and 
that the mollusc Serripes groenlandicus, which is only known in the Netherlands from 
cold stages from the Praetiglian onwards has been found in the Red Crag outcrops 
(Gibbard et al., 1991). The chain of logic on which this correlation is based relies on 
questionable assumptions and does not provide a reliable basis for correlation. 
 
Funnell (1961) and West and Funnell (1977) have progressively correlated the 
Ludhamian age, shelly sands at Ludham with the Red Crag on the basis of foraminifera 
and mollusca.   However, Norton (1967, 1977, in Gibbard et al., 1991) did not think that 
the molluscan assemblages provided a basis for correlation in East Anglia.  The 
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character of the molluscan fauna in the Ludham Crag was more akin to “Icenian” (i.e. 
Norwich) Crag rather than Red Crag assemblages (Norton, 1967).   The Ludham Crag 
mollusc assemblages also contained within them up to 10% of extant and extinct 
mollusc species that have not been recorded in East Anglia above the Red Crag and, in 
some cases, the Coralline Crag which indicates that reworking of older material was a 
significant probability (Norton, 1967).  Zalasiewicz et al. (1988, p. 257) made almost 
identical observations to those of Norton, but in relation to the Pre-Ludhamian mollusc 
assemblages in the area around Aldeburgh and Sizewell in Suffolk, but still chose to 
correlate it with the Red Crag.  In the Ludham borehole many of the elements of the 
foraminifera assemblages that characterize the Ludhamian re-appear in the shelly sand 
of the Antian higher up (Funnell, 1961) which suggests that the characteristic 
Ludhamian assemblage is reworked in the Antian, facies controlled or a mixture of 
both.  Beck et al. (1972) considered that some parts of the Ludhamian assemblages in 
the Stradbroke borehole may have been composed of reworked foraminifera and, as 
described above, Funnell (in Gibbard, 1991) considered reworking may be problematic 
within the Crag troughs. The mollusc and foraminifera evidence do not indicate that 
Ludhamian and Pre-Ludhamian age sediments directly correlate with the Red Crag and 
there is no palynological evidence to support or refute it. 
  
  
Leroy (2007) observed that most Early Pleistocene warm stages in East Anglia, as in the 
Netherlands, lacked evidence of floral succession and suggested therefore that they may 
represent incomplete records. The one exception she noted was the Pastonian stage.  
The Pastonian was first used as a stage name by West and Wilson (1966), the first 
subdivision by Funnell and West (1977) and fully described by West (1980a, b). The 
Pastonian stage consists of four sub-stages that are in turn subdivided into biozones 
(Figure 3.5): 
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Figure 3.5.  Composite pollen diagram of the Pastonian. From West, 1980b, Fig. 7. 
 
West (1973) initially correlated eight sections from Beeston in north Norfolk to 
Chillesford in southeast Suffolk on the basis of assemblages with a consistent Pastonian 
character.  The outcrops included beds assigned to the Weybourne Crag, the Norwich 
Crag and the outcrops at Chillesford and West suggested that as these beds occur at 
similar levels they may represent the deposits of a single, post-Baventian, transgression. 
Subsequently the outcrops in Suffolk were assigned to the Bramertonian (Funnell et al., 
1979, West, 1988), whilst those in Norfolk were retained in the Pastonian (West, 
1980a). The pollen diagram (Figure 3.5) is a composite of many locations including 
those at Paston, Beeston and Happisburgh. West (1980a, Figures 41, 42) records the 
most complete sequences of Pastonian sub-stages in a 2 m thick interval in a borehole at 
Happisburgh and in a thinner interval (80 cm) at Beeston (Location BR/S) although not 
all biozones are present in either but both lie on top of Pre-Pastonian d aged sediments.  
In these two locations there is no dated sequence lying above the Pastonian.  At 
Happisburgh the Pa I substage is defined by a single pollen spectrum and the Pa III 
substage by only two spectra. At Paston and Mundesley (the type site), West (1980a) 
obtained Pastonian assemblages from nineteen separate locations in boreholes and cliff 
exposures over a distance of ~ 2 km. The lithological sections drawn by West (1980a, 
Figures 30 - 34) do not demonstrate the sequential relationships of the sediments 
containing the samples and suggest that there are, at times, significant lateral variations 
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in bed thickness and continuity. The fragmented nature of the pollen record and the 
general lack of boundaries between units can be seen from the discussion below.  
 
None of the nineteen locations sampled in the vicinity of the type site yielded more than 
four pollen spectra used to define the Pastonian (Table 3.4). 
 
    No of locations    No. of Pastonian pollen spectra 
1     4 
6     3 
4     2 
8     1 
 
Table 3.4.  Number of locations and frequency of pollen spectra used to define the 
Pastonian stage at the type site/area.  Data from West, 1980a, Figures 35 – 37.  
 
Substage Pa II is the most widespread and Substage Pa I is not present.  Substage Pa III 
is only recorded in two separate locations: in one case (section PH, 75 cm thick) no 
boundary between any adjacent units is recorded, in the other (section MP, 10 cm thick) 
a single pollen spectrum is overlain by a single Cromerian Cr II pollen spectrum.  A 
complete sequence of biozones Pa IV a – c is not recorded in any location and Pa IVa is 
the most widespread biozone. A borehole section (borehole BHB1, ~ 4 m thick) 
contained 3 pollen spectra and records a boundary between biozones Pa IVa and Pa 
IVb.  An outcrop (section PE, ~ 20 cm thick) contained 3 pollen spectra and records a 
boundary between biozones Pa IVa and Pa IVc.  South of Happisburgh, Pastonian 
assemblages are limited to single samples at Corton and at Pakefield. 
 
There is no single vertical sequence representing the Pastonian, the more complete 
sections are thin and where individual substages or biozones are thicker the record is 
fragmented within a complex depositional environment.  It is not surprising, therefore, 
that Harrison and Parfitt (2009, p.77) concluded that the Early Pleistocene assemblages 
of small vertebrates from north Norfolk indicate that "it can no longer be assumed that 
deposits correlated with either the Pre-Pastonian or Pastonian are all contemporary and 
that they necessarily represent only two climatic phases". 
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The Beestonian stage is less well documented and even West concluded that the 
sequence was probably more complex than he recognised and that “the complex nature 
of the Beestonian, with the possibility of non-sequences within and after it, and its poor 
fossil record, make any correlations with this stage hazardous” (West, 1980a, p.118).  
 
3.2.2 Conflicting climatic indicators within stages 
 
The fossil and pollen records can sometimes provide conflicting indications of the 
climate during the Early Pleistocene. Funnell (1991) stated that “the range of climate 
implied [by foraminifera] is probably not as extreme as that indicated by the pollen". 
Elphidiella hannai is present in all foraminifera assemblages from warm and cold stages 
and is often the most dominant form.  E.hannai is found today in the cold shallow 
waters of the northeast Pacific and eastern Greenland (Murray, 2006). Norton (1977, p. 
50) observed that molluscs gave "no indication of cyclical climate change in the 
Ludham sequence. "Boreal" molluscs (with some 'arctic' and 'lusitainic' [southern 
warm] elements) were present in the temperate periods .... but there were no molluscs in 
the sediments of the cool periods". Norton postulated that this situation could be the 
result of peculiarities in the thermal regime or a wider thermal tolerance by the species 
than is seen today. Head (1998a) also used a similar argument of wider thermal 
tolerance in the past to explain the fairly abundant presence of the dinoflagellate 
Operculodinium israelianum in the "cold" Thurnian stage sediments at Ludham as this 
species today has a mild-temperate to tropical distribution. Warm water, dinoflagellate 
floras, including O. israelianum, are also recorded from the Chillesford and Easton 
Bavents clays (Zalasiewicz et al., 1991) and Covehithe clays (Hamblin et al., 1997) in 
which the pollen, foraminifera and molluscs suggest a much colder climate. Wood et al. 
(1993) and Moorlock et al. (2000) record Arctic ostracods from the Antian - 
Bramertonian stage whilst the pollen records imply warm climatic conditions.  
 
Another example of conflicting climatic interpretation, albeit in a younger unit not 
considered further in this work, is the different interpretations of the pollen spectra in 
the Freshwater Bed (of the Cromer Forest Bed Formation) at West Runton as a result of 
different approaches to the analysis.  West (1980a) considered that the Freshwater Bed 
was deposited over a significant period of time and recorded the different phases of a 
warm climatic cycle. However, Rose et al. (2008) and Davies et al. (2000) considered 
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that the sequence reflected deposition over a short period of time and the changes in 
pollen spectra reflected the seral succession on a recently created floodplain, rather than 
climatic change, as there was no change in the oxygen and carbon isotopes from 
specimens of the mollusc Valvata piscinalis throughout the section and the burial and 
preservation of the West Runton Elephant within the unit would require a very rapid 
sedimentation rate. 
 
3.2.3 Sedimentary effects on the palaeontological record of stages 
 
The Early Pleistocene and early Middle Pleistocene marine sequences have been 
interpreted as the deposits of tidal and estuarine systems (Dixon, 1979; West, 1980a;  
Zalasiewicz et al., 1988, 1991; Gibbard et al., 1998).  The depositional processes in 
these environments usually result in autocyclic erosion and deposition in response to 
channel migrations (Dalrymple and Choi, 2007; Reading and Collinson, 1996).  
Sediment transport directions can also vary in space and time within the system with 
areas influenced mainly by fluvial dominated offshore transport or tidally dominated 
onshore transport or transport alongshore by tidal currents or wave action.  Thus the 
depositional sequences recorded at any one location will probably represent relatively 
short time periods of deposition with frequent hiatuses or unconformities within the 
sequence. 
 
The relative sea level in the Southern North Sea during the Early Pleistocene has been 
more influenced by local variations in subsidence and uplift and sea level than the 
glacio-eustatic changes indicated by the deep sea core isotopic records (Overeem et al., 
2001, Kuhlmann and Wong, 2008).  However, the seismic record does indicate different 
depositional prisms of sediment with disconformities between them in the area offshore 
East Anglia (Cameron, 1989).  It is very likely that there would be periods of regression 
and transgression at the margins of the basin and these would result in older Pleistocene 
sediments being exposed to erosion and reworking.  
 
The relative contribution of air transported and fluvially transported pollen to the 
assemblages is not clear. However, it is likely that the major Eridanos delta (Baltic 
River) system that fed into the southern North Sea during the early Pleistocene 
(Overeem et al., 2001) would have had some influence on the pollen assemblages as it 
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drained much of northern Europe and Russia and would have been shedding large 
volumes of sediment and pollen into the basin. Burger (in Gibbard et al., 1991 and 
quoted in Richards et al., 1999) thought that the heavy mineral assemblages found in the 
Ludham Crag and younger deposits originated from Scandinavia.  It is therefore 
possible that the pollen assemblages could reflect varying amounts of locally (i.e. 
British) derived pollen and that derived from the huge hinterland of the Eridanos as well 
as the Rhine and other rivers draining the area to the southeast. 
 
Pollen assemblages from relatively coarse grained, marine deposits might also have 
been subjected to chemical and mechanical corrosion (Gibbard, 1988a; de Jong, in 
Gibbard et al., 1991).  Beck (1971) recorded damaged or destroyed pollen in his Early 
Pleistocene assemblages with an average of around 20% and a range from ~10 to > 50% 
which suggests that it is not a trivial issue. 
 
Evidence of reworked older Coralline or Red Crag fossils (mainly Mollusca and 
foraminifera) are recorded in several key locations, notably in the basal parts of the 
sections, at Ludham (Norton, 1967), Ormesby (Harland et al., 1991), Aldeburgh-
Sizewell area (Zalasiewicz et al., 1988), Chillesford (Long, 2000) and Bramerton 
(Funnell et al., 1979). Possible reworked foraminifera are also recorded within the 
Ludhamian section in the Stradbroke borehole (Beck et al., 1972). Harland et al. (1991) 
concluded from a study of the relationship between foraminifera species distribution 
and sediment grain size that the assemblages were hydro-dynamically sorted, did not 
reflect biocoenoses and that reworked species were present throughout. King (1983, 
p.14) also considered that reworking of some foraminifera within the Red and Norwich 
Crag was probable. As discussed above, Funnell (in Gibbard et al., 1991, p. 27) 
considered extensive reworking of older deposits might have been recorded in the deep 
Crag troughs.  
 
West (1980a, 1981) often discussed the issue of reworking but did not evaluate its 
potential impact on the Early Pleistocene assemblages, nor did he report the proportion 
of pre-Quaternary pollen and spores in his samples.  However, in his book on 
Quaternary cold stages, West (2000, pp. 33 - 36, 120) recognised that reworking of 
temperate deposits can contribute to the pollen assemblages from younger cold stage 
deposits.  West (2000, p.76) stated that the resistant grains of Pinus, Picea and 
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Compositae are particularly subject to reworking and West et al. (1999) used the 
relation of the percentage of Pinus and Picea to the absolute number of pre Quaternary 
spores and pollen as an indicator of reworking.  It may not be coincidental that the p.a.b. 
of the Pre-Ludhamian at Stradbroke is dominated by Pinus and Picea.  The presence of 
significant (up to 25%) and persistent quantities of reworked Carboniferous, Mesozoic 
and Palaeogene pollen and spores throughout the Crags (Zalasiewicz et al., 1988, 1991; 
Harland et al., 1991, Riding et al., 1997, 2000) make it very unlikely that younger Plio-
Pleistocene deposits would not also have been reworked within the drainage basin, on 
the coastal plain during regressions or by channel migration within tidal or deltaic 
systems.   
 
3.2.4 Palaeomagnetism 
 
The magnetic polarity of the Early Pleistocene period was predominantly reversed, but 
there were a number of intervals during which there was normal polarity (Figure 3.6).   
 
Thus polarities or even sequences of polarity reversals within the Early Pleistocene are 
floating stratigraphic reference points that need to be anchored using other data.  
Similarities in both the pollen assemblages and the magnetic polarity from different 
sections are unlikely to be robust criteria, given the repetitious nature of the 
palynological assemblages and repeated polarity changes. The depositional record of the 
Early Pleistocene is neither continuous nor is the rate of sedimentation likely to be 
consistent in tidal or fluvial sediments. The sedimentary record of tidal sediments and 
fluvial sediments at one location are essentially snapshots of the deposition within a 
system in which channel migration and reworking are common such that the section at 
any one point could represent deposition over a period of 10’s of years or 1000’s of 
years. Therefore a section with a single polarity measurement of Early Pleistocene age 
can easily be fitted into the stratigraphy to support rather than confirm an age 
assignment. Moreover, the probable hiatuses in deposition and unconformities 
associated with regressions, transgressions and autocyclic channel switching complicate 
the possible range of age assignations to intervals within sequences showing different 
polarities. 
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Figure 3.6. The Early and early Middle Pleistocene polarity record. From: Cohen and 
Gibbard, 2011. 
 
3.3 Conclusion 
 
The majority of the locations in Suffolk with Early Pleistocene sediments are referred to 
the Antian, Bramertonian and Baventian stages whereas in northeast Norfolk all but two 
locations have been referred to the Pre-Pastonian and Pastonian.  The Pre-Ludhamian, 
Ludhamian, Thurnian and Beestonian stages have only been described from a few 
locations. 
 
There are no strong reasons to place the sediments with ‘Pre-Pastonian a’ pollen 
assemblages in the same cold stage as those with Baventian assemblages and therefore 
the biostratigraphy does not unambiguously resolve the stratigraphic relationships of the 
Weybourne, Norwich and Red Crag Formations. 
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The bio-stratigraphic link between the sequences in northeast Norfolk and those to the 
south is unclear.  The microtine vertebrates (Mayhew and Stuart, 1986) and the 
presence of M. balthica in the northern sequences suggests that they may be younger 
than those to the south. 
 
The coastal sections in northeast Norfolk have provided a large number of pollen 
samples and have a complex lithostratigraphy such that the interpretation of the 
fragmented records often relied on integration within a model rather than from actual 
superposition and long sections. 
 
The correlations of the deep sections in the Crag Troughs with one another and with the 
Red Crag are ambiguous and based on relatively few locations and samples. 
 
After the initial subdivisions of the Norwich Crag outcrops, they have eventually 
converged on a twofold division of a ‘warm’ Antian/Bramertonian stage represented by 
tidal sands overlain by a ‘cold’ Baventian/Pre-Pastonian stage represented by tidal 
mudflats.  As a result, the scheme is of little use in discriminating similar depositional 
environments but of different ages. 
 
The assumption of a simple relationship between pollen and climate is not supported 
by: 
• the absence of floral successions in the warm stages 
• the molluscs and the foraminifera suggest less extreme climatic variation than 
the interpretations of the pollen 
• the abundant presence of warm shallow water dinoflagellates (O. israelianum) in 
the sediments with  ‘cold’ pollen assemblages of the Thurnian and Baventian 
• the presence of arctic ostracods in the sediments with ‘warm’ pollen Antian 
assemblages  
• The complex depositional environments (predominantly tidal and fluvial) make 
it unlikely that sequences record other than snapshots of local deposition and a 
major uncertainty in the interpretation of the pollen records is the time interval 
represented by the sediments.   
• The extensive and persistent evidence of reworked Pre-Neogene pollen and 
spores within the palynological assemblages (up to 25 %) suggests that there 
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will be some element of reworking of Quaternary pollen within the sequences 
that accumulated in complex depositional environments. 
 
At different stages in the evolution of the stratigraphic model qualitative comparisons 
have correlated p.a.b.’s in a number of different ways indicating that their characters are 
not distinctive and the current arrangement is based on subjective and contextual 
judgements.  
 
Problems in the sequencing of the pollen based stages has been helped by the 
evolutionary sequences of microtine remains found in the sediments, although this logic 
is very crude and is dependent on the extent to which the vole teeth might themselves be 
reworked (Mayhew et al., 2008, Harrison and Parfitt, 2009). 
 
Similarities in both the pollen assemblages and the magnetic polarity from different 
sections are unlikely to be robust criteria for correlation because of the repetitious 
nature of the palynological assemblages and repeated polarity changes in the Early 
Pleistocene. 
 
The uncertainty that now surrounds the Dutch pollen stratigraphy means that using 
correlation chains between East Anglia and the Netherlands to resolve ambiguities in 
East Anglia is not sensible. 
 
The absence of several long sections showing repeatable multiple transitions and 
absolute dating techniques with which to anchor the sections in time means that the 
fragmented records are held together within a flexible paradigm that is internally 
consistent but based on a number of key assumptions, such as the relation of pollen 
assemblages to climate, the relative age of the fauna and flora, the uniqueness of 
different age assemblages, and the number of warm and cold stages indicated by the 
pollen assemblages.  None of these assumptions are directly testable and the evidence 
presented here and the work in the Netherlands suggests that they are probably weak 
assumptions.  Therefore, the prevailing interpretations that are based on these weak 
assumptions lead ultimately to a weakly defined paradigm that should not constrain or 
limit alternative interpretations.  
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Chapter 4 
The surface at the base of the Crag 
 
4.1. The regional context 
 
The marine Lower Pleistocene sediments of East Anglia were deposited on the margin 
of the subsiding North Sea basin. The main Pleistocene depocentres lay above 
Mesozoic graben systems (The Central, Tail End and Dutch Central Grabens) 
approximately 250 Km to the north east of East Anglia (Figure 4.1).  Two major 
structural elements influence the western and southwestern margins of the Pleistocene 
subsidence. These are the Dowsing Hewett Fault Zone (DHFZ) and the Anglo Brabant 
Massif (Figure 4.2). The DHFZ is a major tectonic lineament that separates the 
southern North Sea (basement ) Terrane from that of the concealed Caledonides of 
Eastern England (Chadwick and Evans, 2005) and the Anglo Brabant Massif is also a 
long established tectonic high (Pharaoh, 1999).  During the Cretaceous and early 
Tertiary there were several periods of uplift and inversion of older basins along the 
DHFZ (van Hoorn, 1987; Badley et al., 1989; Oudmayer and de Jager, 1993; de Jager, 
2003).  The amount of uplift associated with the largest of these inversions, the Sole Pit 
Trough, has been estimated to exceed 1000 m in places (Cope, 1986, Hillis, 1995). In 
contrast, the basement rocks of the Anglo Brabant Massif underlying East Anglia are 
inferred to have developed in the early Devonian (Winchester et al., 2002) and to have 
remained as a “buoyant” high since then (Busby et al., 2006, de Jager, 2007).  
 
The eastern flank of the Sole Pit Trough inversion structure forms the western 
boundary of the main Pleistocene depocentre. This can be seen in Figure 4.1 where the 
western erosional limit of the Tertiary closely follows the 100 m contour for the base of 
the Quaternary.  To the west of the 100 m contour, the Quaternary lies directly on the 
Jurassic and Early Cretaceous rocks that form the core of the inverted basin (Figure 
4.3).  
 
The line of the DHFZ between East Anglia and the Dutch coast is marked at the base of 
the Quaternary by an increase in its slope between the 100 and 300m contours (Figure 
4.1).  The Tertiary basin lying to the south of the DHFZ in the Dutch offshore area,  
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Figure 4.1.  Map of the elevation of the base of the Quaternary annotated with major 
structural elements and study area. Note: the area where the Quaternary is absent 
offshore East Anglia actually extends across into the Belgian offshore sector although 
this is not shown on the map. Annotated part of Figure 12.14 from Doornenbal and 
Stevenson, 2010. 
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near the modern Rhine estuary (Figure 4.4), does not appear to have been active during 
the Quaternary.  
 
The geological cross section in Figure 4.5 illustrates the inversion and structures 
formed prior to the Quaternary across the DHFZ.  A major positive gravity anomaly 
associated with the Anglo-Brabant Massif (Lee et al., 1993) lies to the south of, and is 
parallel with the DHFZ (Figure 4.2).  
 
The area above the Anglo-Brabant Massif was a positive topographic feature during 
much of the Upper Cenozoic but was periodically flooded to a greater or lesser extent 
by marine transgressions from the north and affected by tectonic pulses and periods of 
erosion (Wong et al., 2007).  The relicts of these deposits are, for example, the Lower 
Pliocene Coralline Crag ridge of East Anglia and the offshore “Red Crag” of Cameron 
et al. (1989). The Quaternary lies disconformably on Palaeogene age sediments over 
most of the area underlain by the Anglo-Brabant massif (Figure 4.3).  The southern 
boundary of the Early Pleistocene sequence in the UK offshore area is erosional, 
against the Palaeogene sediments, although the geometry of the seismic sequences 
suggests that the marine limit may not have been too far to the south of it (Cameron et 
al., 1993).  The northwest-southeast trend of the erosional limit lies north of and is 
similar to that of the Ipswich-Felixstowe High (Figure 4.2). This High had a significant 
influence on Palaeogene sedimentation (Ellison et al., 1994; Jolley, 1996; Moorlock et 
al., 2000) and is underlain by a shallow, pre-Permian basement ridge (Busby et al., 
2006). The southwestern boundary of the High may be formed by the north-west to 
south-east trending "Clacton monocline" identified offshore from seismic data 
(D’Olier, 1975). The High also lines up with a major northwest trending gravity 
lineament (G10 in Busby et al., 2006; G12 in Lee et al., 1993) and may be an extension 
of the Glinton Thrust zone postulated by Chadwick and Evans (2005). Lee et al. (1993) 
suggest that this lineament may represent an important structural line, and Chadwick et 
al. (1996) identified it as a quiescent dextral strike slip zone. Lee et al. (1993) also 
identified a series of pronounced west-northwest trending magnetic lineaments (their 
M11, 12, 13 and 14) in the area immediately to the north of the erosional limit. 
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Figure 4.3. Subcrop map at the base of the Quaternary showing the area of the Sole Pit 
Trough inversion. Annotated part of Figure 1.3 from Doornenbal and Stevenson, 2010. 
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Figure 4.4. Depth to the base of the Tertiary (or top of the Chalk where the Tertiary is 
absent).  Annotated part of Figure 12.1 from Doornenbal and Stevenson, 2010. 
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4.2. Mapping the basal Crag surface in East Anglia 
 
In East Anglia, the Crags overstep the western, erosional limit of the Palaeogene to rest 
on the Chalk (Figure 4.1). The Pleistocene sequence is absent off the north Norfolk 
coast owing to marine erosion above a Chalk platform (Figure 4.1).  The western 
boundary of the Crag is obscured and probably truncated by younger fluvial and 
glacigenic deposits. In southeast Suffolk the Crag is missing along most of the coast as 
a result of post Crag, probably recent, erosion (Carr, 1971). The basal Crag surface is 
exposed in a number of areas, such as along the north Norfolk coast, in valleys around 
Norwich, in southeast Suffolk  and in a number of inland quarries.  Over much of the 
area inland from the coast the earliest Pleistocene sediments are buried or have been 
eroded beneath subsequent glacigenic deposits and exposures are limited.   As a result, 
the maps of the basal Crag surface in East Anglia (including maps of the top of the 
Chalk and top of the London Clay) have relied heavily on borehole data (Boswell, 
1913; Woodland, 1946; Downing, 1959; Funnell, 1961; Carr, 1967, 1971; West, 1968; 
Notcutt, 1978; Dixon, 1979; Bristow, 1983; Mathers and Zalasiewicz, 1988; 
Zalasiewicz et al., 1988; Moorlock et al., 2000), reports of the Industrial Minerals 
Assessment Unit (IMAU) of the British Geological Survey (BGS)(Allender and 
Hollyer, 1972, 1973, 1981; Ambrose, 1974; Hollyer, 1974; Clarke and Ambrose, 1975; 
Hopson, 1981a,b, 1982; Marks and Merritt, 1981; Marks and Murray, 1981; Booth and 
Merritt , 1982; Hollyer and Allender, 1982; Marks, 1982a,b; Thomas, 1982; Allen 
1984a; Auton et al., 1985; McKeown and Samuel, 1985), the Well Catalogue series of 
the BGS (Cole, 1968; Foot, 1970; Harvey, 1973, 1974; Harvey et al., 1973) and maps 
on BGS Sheets 132 with 148, 162, 175, 176, 189, 190, 191, 208 with 225. 
 
The map of the basal Crag surface in Figure 4.6 was produced from borehole records 
held by the BGS (available online at:  
http://mapapps.bgs.ac.uk/boreholescans/boreholescans.html) plus additional boreholes 
supplied by the Environment Agency (Entec, 1984) and from the area around Ludham.  
Figure 4.6 is a composite of maps published by the BGS (Cole, 1968; Moorlock et al., 
2000; BGS sheets 189, 190 and 175) and a re-interpretation of other data, largely in the 
deeper part of the basin: the contours taken from BGS maps are shown in blue and 
those of the author are in black. Figure 4.7 shows the area that was re-interpreted. 
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Larger scale structure maps for the base Crag and top of the Chalk of the area that was 
re-interpreted together with the borehole data are shown in Figures 4.8 to 4.11 and the 
data are contained in Appendix 4, Table 1.  
 
The borehole records are predominantly those from water wells drilled over the last 
150 years.  The quality of the record of both lithologies and the depths of lithological 
boundaries is variable and impossible to verify as borehole drillers made most of them 
with varying attention to detail and generally without any geological supervision. 
Moreover, the borehole techniques can lead to mixing of sediments (Mathers and 
Zalasiewicz, 1985b), particularly below the water table, and caving of sediments from 
higher up the borehole (especially gravels) can contaminate samples. Site investigation 
boreholes for engineering purposes are more reliable but these are often confidential 
and deep records are scarce. Borehole drillers were usually able to recognise the top of 
the Chalk reliably as it is often marked by a layer of flints. The tops, but not the bases 
of gravel units are also usually reliable.  However, similarities or differences in the 
sequence or trends in the elevations of horizons between boreholes can lead to a greater 
or lesser confidence in the records. Boreholes that record coarse sand and gravel at 
much deeper levels than surrounding boreholes have often penetrated over-deepened 
channels, usually formed by glaciofluvial action (Woodland, 1970).  
 
Many of the BGS borehole records are annotated with the interpretations made by BGS 
staff over the last fifty years and the notations reflect the prevailing ideas at the time. 
The top of the Crag is not marked by a clear lithological boundary and although the 
unit is characterized by the presence of shells they are not universally present owing to 
non-preservation or non-deposition.  Whilst gravel can occur within the Crag, thick 
sequences of sands and gravels are generally considered to be post Crag in age unless 
they contain shells, as in the Wroxham Crag (Rose et al., 2002). IMAU reports often 
contain clast lithological analyses for the gravels from the boreholes that help in the 
correlation of the sands and gravels.  The presence of Palaeogene sediments (London 
Clay, Woolwich and Reading beds) between the Quaternary sediments an the Chalk is 
particularly problematical where the interval is thin as they can easily be confused with 
clay and sands within the younger Crag sequence and vice versa.  This problem is  
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Figure 4.6.  Depth to rockhead with the limits of the Palaeogene sediments and Crag. 
The 30 Easting grid line and 00 and 80 Northing grid lines referred to in the text are 
shown in red. National grid squares are 10 km. 
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Figure 4.7. Location map showing the area where the depth to the base of the Crag and 
top of the Chalk has been re-interpreted and the location of subsequent maps and 
figures.  The area where Crag is absent is modified from Mathers and Zalasiewicz, 
1988. National grid squares are 10 km. 
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Figure 4.8. Map of the depth to the base of the Crag in northeast Norfolk with borehole 
data points used to construct the contours. For location: see Figure 4.7. Contours are in 
metres. Areas where depth to the base of the Crag is anomalously deep (possible later 
glacial/glaciofluvial erosion) are shaded yellow. National grid squares are 10 km. 
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Figure 4.9. Map of the depth to the base of the Crag in east Suffolk with borehole data 
points used to construct the contours.  Dotted contours are taken from Moorlock et al. 
(2000), Figure 15. For location: see Figure 4.7. Contours are in metres. National grid 
squares are 10 km. 
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Figure 4.10. Map of the depth to the top of the Chalk in northeast Norfolk with 
borehole data points used to construct the contours. For location: see Figure 4.7. 
Contours are in metres. National grid squares are 10 km. 
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Figure 4.11. Map of the depth to the top of the Chalk in east Suffolk with borehole data 
points used to construct the contours.  Dotted contours are taken from Moorlock et al. 
(2000), Figure 15. For location: see Figure 4.7. Contours are in metres. National grid 
squares are 10 km. 
 
 
 
 
 
	   146	  
 
much reduced in areas where the Palaeogene is thicker or geophysical logs are 
available. In spite of these caveats the borehole data do provide a relatively consistent 
set of data that can be used for general trends. However, detailed correlations within the 
Quaternary sequence, in the absence of reliable palaeontological, clast lithological or 
geophysical data, are more speculative and open to different interpretations.  The re-
interpretation of the base of the Crag and top of the Chalk surfaces (Figures 4.8 to 4.11) 
focused on the deeper parts of the basin (base Crag below -30 m OD) where records are 
more sparse and the position of the contours is less constrained 
 
 
4.3. The shape of the Crag surface in East Anglia. 
 
The base of the Crag rises from below -60 m off the coast to about +10 m at its western 
limit in the northern part of the map (Figure 4.12).  The base of the Crag and the 
elevation of the western limit south of the 80 Northing grid line rise progressively to a 
maximum of +90 m at the southwestern limit (Mathers and Zalasiewicz, 1988).   
 
The basal Crag surface in Norfolk and north Suffolk has a north-south strike that is cut 
across by a set of northeast-southwest trending ridges and troughs underlain by 
Palaeogene sediments. The southern margin of the Quaternary basin offshore East 
Anglia trends northwest-southeast (Figure 4.1).  However, in the area where the 
southern margin trend of the basin changes to more north-south (in central Suffolk) 
there is a strong northeast-southwest trend developed at the base of the Crag that is also 
marked by a series of ridges (Framlingham Chalk Ridge) and troughs (Stradbroke and 
Brome) that are probably faulted (Bristow, 1983: Cornwell, 1985; Cornwell et al., 
1996; Hamblin et al., 1997) and are underlain by the Chalk to the west of the 
Framlingham Ridge (Figure 4.13). The Crag is absent over most of the Framlingham 
Ridge above ~ +25 m (Figure 4.12). The Framlingham Chalk Ridge trends northeast-
southwest but changes its orientation to north-south, north of the 80 Northing grid line. 
In southeast Suffolk, a marked break in slope along the course of the River Deben 
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Figure 4.12.  Contour map of the base of the Crag and top of the Chalk where Crag 
absent. The thick black lines are the position of sections in Figure 4.13, the thick red 
lines show the location of the cross sections in Figure 4.14 and the numbered thin black 
lines those in Figure 4.17 Data derived from Figure 4.6; Dixon, 1979; Bristow, 1983; 
Mathers and Zalasiewicz, 1988, McKeown and Samuel, 1985. 
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Figure 4.13. Two cross sections across the Crag basin showing the ridge and trough 
character of the surface and the subcrop geology.  Cross section Y – Y’ is redrawn 
from Figure 5 in Hamblin et al., 1997. For locations of the cross sections see Figure 
4.12. 
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reflects a change in the form of the basal Crag surface to a series of small basins with a 
northwest southeast trend.  The break in slope is transected by a series of northeast – 
southwest trending troughs cut into the underlying Palaeogene that open to the 
northeast (Dixon, 1979). To the west-southwest of Ipswich, the Crags are preserved in 
a series of outliers trending northeast – southwest and lying mainly on a northeast 
plunging ridge of Palaeogene aged rocks (Figure 4.14).  
 
 
 
Figure 4.14. Cross sections across the Crag outcrop in Essex showing  the relation of 
the Crag to the underlying subcrop geology and the influence of glacial erosion and the 
fluvial erosion by Early Pleistocene rivers that deposited the Kesgrave Sands and 
Gravels.  From Mathers and Zalasiewicz (1988).  
 
 
The southern limit of the Crag is controlled by Early Pleistocene fluvial erosion. The 
outliers are separated from one another by northwest-southeast erosional incisions 
associated with Middle Pleistocene glaciofluvial valleys and modern river valleys 
(McKeown and Samuel, 1985).   A few smaller outliers of Crag also lie directly on the 
Chalk to the northwest of the main trend. The erosional southern boundary of the Crag 
in Essex was formed by the incision and deposition of later, fluvial deposits of the 
proto-Thames (Sudbury Formation, Whiteman and Rose, 1992).  A number of small 
Crag outliers to the south of this erosional limit in northeast Essex, notably on the coast 
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at Walton-on-the-Naze.  The strike of the basal Pleistocene Crag in the small outliers is 
not clear but could be north south although the northern edges of the outliers parallel 
the northeast –southwest trend of the erosional edge of the Palaeogene rocks.  The 
strike of the basal Pleistocene surface in Essex beneath the lowest Sudbury Formation 
terrace and the younger, more incised Colchester Formation is northeast-southwest as is 
the underlying Chalk. 
 
The principal features of the Base Crag surface map for the area of this study are 
identified in Figure 4.15 together with a series of cross sections of the basal Crag 
surface that are shown in Figure 4.16. 
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Figure 4.15. Map of the main morphological features of the basal surface of the Crag 
basin and the locations of the numbered cross sections in Figure 4.16. See Figure 4.6 for 
key. The 30 Easting grid line and 00 and 80 Northing grid lines referred to in the text 
are shown in red. Contour interval is 10 m. National grid squares are 10 km. 
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Starting in the south, sections 1 – 4 show the marked relief of the Brome and Stradbroke 
troughs to the west of the Framlingham Ridge and the gentle dip of the basal Crag on 
the east side of the Ridge.  The eastern limit of Sections 1 to 4 (not shown on Figure 
4.15) is determined by the absence of Crag to the east owing to erosion on the present 
day seafloor. The Crag is preserved only locally on the highest parts of the 
Framlingham Ridge but further north it extends across it (Section 4). Sections 1 to 4 
show the northeast trend of both the Framlingham Ridge and the western limit of the 
Palaeogene sediments and these both change to a north south trend northwards around 
Section 5. The elevation of the western limit of the Crag also descends northwards from 
~ 40 m in Section 1 to ~ 10 m in Section 4.  The marked relief of the western side of the 
Framlingham Ridge is only seen north of Section 4 on Section 8 where the western, 
erosional limit of Palaeogene sediments has been displaced markedly to the west.  This 
area is the first firm record of Palaeogene sediments on the western side of the 
Framlingham Ridge.  The Framlingham Chalk ridge is not seen to the north of Section 
8.  Sections 6 – 9 show the relatively subdued but irregular surface of “Channelised 
Chalk hills” to the west of the Crag outcrop and from Section 10 northwards the Crag 
extends further westwards across the low relief Chalk surface of the North Norfolk 
Shelf.  Northeast plunging troughs and ridges are developed on top of the Palaeogene 
sediments.  The furthest south trough on top of Palaeogene sediments is at Sizewell 
(Sections 4 and 5) where the eastern margin is formed by the Coralline Crag outcrop.  
Troughs and ridges are more extensively developed further north: the Hales, Ludham 
and Yarmouth Ridges and their intervening troughs. 
 
The base of the Crag in Essex and southeast Suffolk has a regional gradient of  ~ 1m/km 
and dips to the northeast (Balson, 1999c). In north Suffolk and south Norfolk the 
gradient at the base of the Crag is notably steeper at ~ 2.5 m/km towards the east. In 
north Norfolk the basal surface has a low gradient of ~ 1m/km towards the east. A 
similar gradient is found offshore on the northern margin and the slope dips to the 
southeast. Further offshore the gradient increases such that between the -100 and -300 
m contours (Figure 4.1) it reaches ~ 3.5 m/km. 
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4.4. The origin of the troughs and ridges     
   
Woodland (1946) suggested that the troughs were the result of folding that occurred 
syndepositionally with the Norwich Crag.  Funnell (1972) suggested the troughs were 
the result of tidal scour and drew parallels with deep linear features in the Chalk surface 
of the English Channel. Bristow (1983) proposed that the troughs and ridges to the west 
of the Framlingham Ridge were fault controlled and that the faults had been active 
during the deposition of the Crag. 
 
Figure 4.17. Three cross sections across the faulted Crag basins  interpreted by Bristow 
in Suffolk. See Figure 4.12 for location. From: Bristow, 1983, Figure 4. 
 
He named a number of faults and structural elements, particularly the Kettlebaston Fault 
and the Sudbury-Bildeston Ridge (Figure 4.17).  His interpretation was based on the 
offsets of the top of the Chalk between boreholes, the linear nature of the features and 
the asymmetry of the trough’s cross section with a much steeper southeastern flank.  He 
did not observe faults directly.  Subsequently, Cornwell (1985) used gravity data to 
demonstrate that there is a shallow basement high beneath the Sudbury-Bildeston Ridge 
and the basement lineaments were parallel with the faults postulated by Bristow. 
However, Mather and Zalasiewicz (1988) considered that the evidence for fault control 
of the troughs was weak as there was no direct evidence of faulting, no faulting of the 
Quaternary section had been seen in the offshore sparker surveys, modern day coastal 
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Chalk areas have features with marked relief, and the faults zones could as easily be 
interpreted as steep, basinal slopes as are seen at the base of the Crag in the area 
between Aldeburgh and Sizewell (Carr, 1967, Zalasiewicz et al., 1988).  They 
concluded that the Stradbroke trough was probably an erosional feature related to 
differential erosion of the Chalk.  Cornwell et al. (1996) subsequently undertook 
transient electromagnetic (TEM) surveys in the area of the Sudbury-Bildeston Ridge 
and concluded that the geophysical methods could not directly demonstrate the presence 
of faults cutting the Crag sequence but the basement features “exerted some form of 
overall structural control on the deposition of the Crag” (p. 207).   Hamblin et al. (1997) 
and Moorlock et al. (2000) supported Bristow’s interpretation of faults based on the 
offsets seen in boreholes and the geophysical data.  They also identified a few more on 
the eastern flank of the Framlingham Ridge and these are included on Figures 4.12 and 
4.15. 
 
 
Figure 4.18.  Structure map on the top of the Hales Clay Member of the Harwich 
Formation (Eocene). Contour interval 10 metres. Shaded area is region where Crag is 
absent. National grid squares are 10 km.  
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The relief seen at the base of the Crag in the deeper parts of the basin is not seen on 
maps of the top of the Chalk or on the top of the Hales Clay within the Palaeogene 
sequence (Figure 4.18).   
 
Figure 4.19 runs northwards along the coast from near Orford to Happisburgh and 
shows the elevations of the top of the Chalk, the base of the Crag and the base of the 
Hales Clay Member within the Palaeogene sequence.  The base of the Hales Clay has a 
similar stratigraphic position to the top of the Reading Beds (Ellison et al., 1990) that 
has been identified in the older boreholes.  Deep erosion of the Palaeogene sequence 
seems the most likely cause of the Sizewell Trough as there is no comparable change in 
elevation of the top of the underlying Chalk (Boreholes 14, 13 and 12).  The Yarmouth 
Ridge (Boreholes 6 and 7) forms a marked topographic high at the base of the Crag but 
lies above the greatest depth to the top of the Chalk and thus rules out a structural 
relationship and suggests that the troughs on either side are probably erosional features. 
 
The Hales Ridge is developed on top of thick Palaeogene sediments but there is no 
significant change in the elevation of the Chalk beneath it, and below the trough to the 
north (Figure 4.20). Crag sediments are not present on the crestal part of the ridge 
around Hales. These features indicate that this ridge was produced by erosion of the 
adjacent region and demonstrates an erosional event between the depostion of the Crag 
and Palaeogene sediments. 
 
A similar situation exists for the Ludham Ridge where relatively thin Crag is present on 
top of a ridge of thick Palaeogene sediments and the Crag thickens rapidly to the north 
where only a thin Palaeogene sequence is preserved (Figure 4.21) above the Chalk.   
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Figure 4.20 Three cross sections of the Hales Ridge showing the relationship of the base 
of the Crag to the top of the Chalk. Map is of the depth to the base of the Crag. For 
location of map see Figure 4.7. 
 
 
 
Figure 4.21. Cross section of the Ludham Ridge to show the relationship of the base of 
the Crag to the top of the Chalk. National Grid square is 1 km. For location see Figure 
4.7. 
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The Ludham, Hales and Sizewell troughs have asymmetric cross sections with a steep 
southeast flank. There is insufficient data to define the shape of the Ormesby trough and 
the Lowestoft bay on either side of the Yarmouth ridge. However, an asymmetric valley 
lies to the west of the Lowestoft bay at the visible northern limit of the Framlingham 
Chalk ridge. 
 
The Crag surface between the Hales ridge and the northern end of the Framlingham 
ridge records the convergence of three troughs  (Acle, Ormesby and Lowestoft bay) that 
open to the northeast and combine southwards into a narrow trough (Ilketshall Trough) 
cut into the Chalk that is separated from the Stradbroke Trough to the south by another  
Chalk ridge (Mendham Ridge). The area in which the three troughs converge also sees a 
significant westward step in the subcrop of Palaeogene sediments.  The maximum 
depths of the Stradbroke and Ilketshall troughs are similar and the Chalk surface 
between them on the Mendham Ridge is very irregular with quite rapid, but local, 
changes in elevations by as much as 10 – 15 metres.  
 
The asymmetric shape and orientation of the Brome and Stradbroke troughs are similar 
to that of the erosional troughs to the north and the east.  However, unlike the other 
troughs their northeastern ends are closed by the Mendham Ridge that is up to 20 m 
higher than the deepest part of the troughs to the south. The position of the ridge and 
northern limit of the faulting coincides with the west-northwest trending boundary 
between two basement zones (Cornwell et al., 1990) that separates shallow magnetic 
basement to the north with thin Palaeozoic rocks from an area of deeper magnetic 
basement with thicker Palaeozoic rocks to the south (Moorlock et al., 2000, their Figure 
4).  The tectonic significance of this ridge and tectonic lineament is discussed more 
fully in Chapter 6, Section 6.2.4.4 and illustrated in Figure 6.14.  The southwestern 
troughs are developed on a Chalk bedrock rather than Palaeogene bedrock.   There is 
considerably greater relief on the southeastern flank of the Stradbroke trough than in 
any other trough.   The difference between the Chalk surface on top of the Framlingham 
ridge and at the base of the Stradbroke trough exceeds 60 m.  The faulted boundaries of 
the Brome and Stradbroke troughs (interpreted initially by Bristow, 1983) have similar 
slopes (albeit greater absolute changes in elevation) and trends to the troughs formed by 
erosion to the north at Ludham, Acle and Ormesby. The absence of Palaeogene 
sediments within the southern troughs suggests that erosion has also been influential in 
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their formation. The erosional component is demonstrated in the area to the south on the 
Essex-Suffolk border where Crag lies on Chalk at a lower elevation than the Crag on 
top of the Palaeogene sediments to the east (section A – B in Figure 4.14).  
 
The northern extent of the Framlingham ridge is not well constrained by data but it 
appears to disappear around the 00 Northing grid line.  The Framlingham ridge is a 
structural feature that predates the Crag as the basal Palaeogene, Ormesby Clay 
Formation thins updip on the eastern flank of the Ridge between Sizewell and 
Halesworth (Figure 4.22).  The western erosional limit of the Palaeogene sediments 
subcrops predominantly beneath the Crag and is displaced eastwards of the 
Framlingham Ridge in a pronounced arc between the southern end of the Sudbury-
Bildeston Ridge and the Hales Ridge (Figure 4.12) and this area is coincident with the 
location of the Ipswich Felixstowe High (Figure 4.2) that influenced Early Tertiary 
deposition and preservation (Knox, 1996; Moorlock et al., 2000). Woods et al. (2007) 
also postulated the existence of a high in the area around Ipswich during the late Upper 
Cretaceous. Thus there is substantial prima facie evidence to support an interpretation 
of fault control on Crag sedimentation in the Stradbroke and Brome troughs. 
 
The North Norfolk shelf is underlain by Chalk that contains dominant fracture sets 
trending 130° and its eastern and southern margins coincide with the area in which the 
dominant Chalk fracture trend changes to 060° (Toynton, 1983). Within the shelf the 
dominant geophysical lineaments also trend in a similar direction to the fractures 
(Cornwell et al., 1990). Chroston and Sola (1982) and Allsop (1987) suggested that 
north Norfolk might be underlain by a Caledonian granite that would extend under the 
Crag North Norfolk Shelf.   The dominant 130° fracture pattern in the Chalk is 
consistent with the trends of the DHSZ and the dominant late Cenozoic mesofracture 
pattern in southern England recognized by Bevan and Hancock(1986). These structural 
elements combined with the low relief and the thin Crag section suggests that the area 
has been a stable and relatively positive area since the Neogene. 
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Figure 4.22.  Cross section from the Hales Ridge to the Sizewell trough to show the 
relationship of the different Palaeogene units to the Chalk Framlingham ridge. The line 
of section passes to the north of postulated faults. For location see Figure 4.7. 
 
  
The form of the channelized Chalk to the west of the Crag basin is largely the result of 
post-Crag glacial, glaciofluvial and fluvial erosion (Woodland, 1970; Cox, 1985; 
McKeown and Samuel, 1985; Bristow, 1990; Moorlock et al., 2000).  The Chalk 
surface would also have been fashioned by pre-glacial rivers, such as the Bytham River 
(Hey, 1980; Clark and Auton, 1982; Rose, 1987, 1989b; Lewis and Bridgland, 1991; 
Lewis et al., 1999; Rose et al., 1999a; Lee et al., 2004).  
 
The over-deepened chalk hollows in the English Channel are probably the result of the 
major catastrophic flood from a breached proglacial lake (Gupta et al., 2007) or 
structurally defined rather than formed by simple tidal scour, as suggested by Funnell 
(1972). However, Evans and Ruckley (1980) describe a series of narrow, closed 
channels cut into thick postglacial muds in the Sound of Jura, Scotland, which they 
attribute to erosion by strong tidal currents constrained between the islands and the 
mainland, albeit they cannot reconcile the extent of the erosion with the energy in the 
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modern day current systems.  The Scottish channels are of a similar order of magnitude 
to the troughs at the base of the Crag in Central Suffolk and have depths of up to 80 m, 
widths of 1 – 5 km and lengths of up to 10 km.  Should the North Sea basin have been 
open to the south during the deposition of the Red Crag and Coralline Crag (Funnell, 
1995, 1996) then a pre-existing , structurally controlled depression between the 
Framlingham Ridge and the main chalk ridge to the west might have resulted in 
concentrated tidal erosion that created the closed basins of the Stradbroke and Brome 
troughs.  However, Balson (1999a) does not consider that a marine opening to the south 
existed at that time. 
 
The surface of the Palaeogene sediments, offshore Belgium, displays closed basins 
attributed to tidal scour that are contained within fluvial palaeovalleys, for example, the 
Murray Pit with 70 m of scour (Mostaert et al., 1989; Liu et al., 1993).  Mostaert et al. 
(1989) describe a number of valley like incisions on the top of the Palaeogene on their 
northeast slope that are overstepped by Quaternary sediments from the north.  They 
attribute the incisions to fluvial processes associated with a post-Oligocene lowering of 
sea level. Gibbard and Lewin (2003) have argued that the major elements of the 
southern British fluvial system were in place at the end of the Palaeocene and persisted 
throughout the Cenozoic and that the lower reaches of river valleys were flooded during 
periods of high sea level and during regressions the rivers would extend their course, 
with downcutting, if needed, to reach a graded profile. Carr (1967) attributed the drop of 
the London Clay surface into the Sizewell trough to erosion by a northward flowing 
river prior to the deposition of the Coralline Crag. Post-Palaeogene/pre-Coralline Crag 
fluvial erosion is evident at the southern end of the Stradbroke trough. Balson et al.’s 
(1993) structure map of the underlying London Clay surface (Figure 4.23) reveals a 15 -
20 m deep valley lying beneath the Coralline Crag and a steep slope beneath the 
northwestern margin of the Coralline Crag outlier leading down into the Sizewell 
trough.  
 
Tidal scouring at depths of up to 20 m is recorded in tidal inlets in France (Bertin et al., 
2005) and the Netherlands (Sha and de Boer, 1991) but on a smaller areal scale than the 
troughs seen in East Anglia.  Tidal scouring to depths of over 20 m occurs in the mouths 
of some estuaries around the North Sea, e.g. Rhine, Elbe, and has produced elongated 
troughs of 10’s of km in length that can be locally overdeepened by 5 - 10 m (Oomkens  
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Figure 4.23. Distribution of the Coralline Crag in the Aldeburgh-Orford area and form 
of the underlying London Clay surface showing pre-existing trough beneath Orford.  
Contours on the London Clay surface are in metres OD.  From Balson et al., 1993, 
Figure 2. 
 
and Terwindt, 1960; Streif, 2004).  An asymmetric cross section can be caused by 
differences in the erosive capability of ebb and flood tides in their respective channels 
(Asp, 2006).  The southward convergence of the Ludham, Ormesby and western 
Lowestoft bay troughs suggests that they are unlikely to have been formed at the same 
time by a single river system other than in an estuarine context.  However, there is 
limited borehole control on the detailed shape of these troughs and their origins may be 
related to drainage systems of different ages that have been subsequently scoured and 
buried during one or several Crag sea transgressions.   
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4.5. Conclusion 
 
• The Crag basin in East Anglia is located on the western margins of the marine 
basin and over 150 km to the south of the major Quaternary depocentre. 
• In East Anglia, the Crag basin is formed by an easterly dipping surface that is 
bounded to the north by the Dowsing Hewett Fault Zone and the Mid-Tertiary 
uplifted area of the Sole Pit Trough and to the south by Ipswich Felixstowe High 
within the Anglo-Brabant Massif 
• The base of the Crag is a polygenetic surface caused by pre-Crag erosion that 
has subsequently been modified by tidal scouring during the transgression(s) of 
the Crag sea. 
• The pre-Crag erosion is probably fluvial but there is no direct evidence for its 
origin. 
• The ridge and trough relief developed on the top of Palaeogene sediments 
beneath the Crag is the result of erosion.   There is no evidence for a tectonic 
influence. 
• The ridge and trough relief developed beneath the Crag on top of the Chalk has a 
somewhat complex history of fluvial and tidal erosion that has been further 
amplified by syndepositional subsidence related to fault movements in the 
basement during the Quaternary. 
• The Framlingham Chalk ridge is a tectonic feature that has affected 
sedimentation since the Cretaceous. 
• The North Norfolk Shelf has been a relatively stable area throughout the 
Quaternary and is probably underpinned by a Caledonian granite.                                                                                                                                                                                                                                                                                                                                                                                                                                                                              	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Chapter 5 
 The depositional and palaeoenvironmental record of the Crag basin of 
East Anglia. 
5.1 Introduction 
 
Chapter five is in two parts.  The first part examines the Early Pleistocene Crag 
sequence around Norwich and its relations with the overlying gravels to determine the 
environments of deposition and correlations with other parts of the basin.  Detailed 
sedimentological studies of the Norwich Crag and the overlying gravels at the type site 
at Bramerton and at Caistor St Edmund are presented. The second part is an 
interpretation of the thicker sequences of the Crag basin recorded in boreholes and uses 
gamma-ray logs to aid the correlation for the first time in East Anglia.  A new tri-partite 
lithostratigraphic model is presented that provides the basis for the subsequent sections 
on tectonic history of the Crag basin. 
 
5.2 The Norwich Area 
 
5.2.1. Introduction 
 
The Early Pleistocene sequences around Norwich are located close to the current 
western limit of the Norwich Crag, possibly close to an early coastline (Cox et al., 
1989) and close to the southern limit of the younger, and broadly equivalent, Bure 
Valley Beds (Funnell et al., 1979), Weybourne Crag (Wood and Harmer, 1869) and 
Wroxham Crag (Rose et al., 2001, 2002; Read et al., 2007) (Figure 5.2.1). The area lies 
between the valleys of the Early Pleistocene Bytham and Ancaster Rivers (Rose et al., 
2001, 2002; Lee et al., 2006; Rose, 2008, 2009) or possibly on the flanks of a northward 
flowing proto-Thames (Green and MacGregor, 1999; Parfitt et al., 2010).  North of 
Norwich, the Crag extends further westwards across the lower relief Chalk surface of 
the North Norfolk Shelf (Figure 4.6 in Chapter 4).  Rose et al. (2002) and Read et al. 
(2007) have argued that the current elevation above sea level of the Norwich Crag, 
Wroxham Crag and Middle Pleistocene deposits in the Norwich area support their 
arguments for Pleistocene neotectonic uplift.  Neotectonic in this context is equivalent 
to epeirogenic or tectonic uplift of other workers. 
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All of the pits and quarries actively being exploited during the Victorian era are infilled,  
severely overgrown or have very degraded faces. Extensive excavations were 
undertaken at Bramerton to establish a detailed description of a long section and 
accessible parts of the sequence in the Caistor St Edmund pit were also excavated and 
described.  These data have been integrated with other published data and borehole 
records to provide a palaeoenvironmental, depositional and neotectonic history of this 
part of the Crag basin and to enable it to be related to the wider Early Pleistocene 
depositional and neotectonic patterns in East Anglia. 
 
Historical context 
 
Ideas on the changes in climate recorded in the Pleistocene sediments of East Anglia 
have been built on the isolated outcrops, with generally thin sections, and a few key 
boreholes. Long sequences are rare and, although fossiliferous in parts, the subdivision 
and correlation of the Early to early Middle Pleistocene sediments has relied on a 
variety of concepts for interpreting both the fossil record and the sediments.  There are 
few stratigraphically constrained species in the Pleistocene sediments and those that do 
occur are not widespread.  Therefore reliance has been placed largely on the character 
and trends within fossil assemblages.  Debates on the value of the different approaches 
have continued since Victorian times but general models have received widespread 
acceptance from time to time.   
 
Arderon (1747) provided the earliest description of the Crag in the Norwich area of the 
Whitehouse pit at Whitlingham (Figure 5.2.2).   In the early nineteenth century, it was 
recognised that the fossil assemblages from Bramerton and other sites around Norwich 
resembled those of the Crags in southeast Suffolk (Taylor, 1824a,b) but differed from 
them in that they had lower species diversity (Woodward, 1829) and lower percentages 
of extinct species (Lyell, 1839). Lyell’s approach (1833) to dating Tertiary sediments 
using the proportions of extinct species was contentious in relation to the Crags on 
account of the problems with defining the species, the extent of reworking of earlier 
deposits and the effects of different depositional environments (for example, 
Charlesworth, 1835a, b, 1836a, b, Woodward, 1835, 1836).  Although using the 
percentage of extinct species was recognised as a problematic approach to dating in 
general (Desnoyers, 1838) and in the Crag in particular (Wood, 1859, Godwin Austen, 
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1868, Bell and Bell 1872) the use of such statistics continued in the literature at least for 
relative dating (for example, Prestwich, 1871c, Harmer, 1899, 1902). The presence of  
 
 
Figure 5.2.1. Early Pleistocene and early Middle Pleistocene fluvial and offshore 
palaeogeography of midland and eastern England and the adjacent North Sea basin.  
The heavy lines indicate main drainage trajectories based on long established valley 
systems and Early and early Middle Pleistocene sediments.  The distribution of the 
lithostratigraphic units is given, along with the location of outcrop of distinctive 
indicator lithologies that were transported by the river systems to the coastal zone. The 
location of Norwich is indicated by the red dot. From Rose et al., 2001, Figure 2. 
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non-marine fossils, particularly mammalian remains, in the sections around Norwich led 
Woodward (1832, 1833) to propose the sediments were the remains of a former north-
south trending estuary.  Mammalian remains were at that time unknown from southeast 
Suffolk and Charlesworth (1837) argued that the sediments at Bramerton, Southwold 
and Thorp[e] were fully marine although they contained vertebrate remains and, to 
distinguish them from other Crags, he proposed the name Mammiferous Crag (changed 
by Lyell (1839), to Mammaliferous Crag). However, there did appear to be general 
consensus that the fauna seen at Bramerton was generally younger than that seen further 
south and was termed the Norwich Crag by Lyell (1839).  
 
During Victorian times the Plio-Pleistocene climate was considered to have undergone 
a single overall cooling trend, with a minor warming during the deposition of the 
Cromer Forest Bed, leading to the onset of glaciation (see, e.g., Prestwich, 1871c, 
Harmer, 1902).  The base of what was often considered to be an essentially, layer cake, 
marine sequence was thought to become progressively younger northwards in response 
to changes in the area of subsidence (Wood 1848-1882, Wood, 1866a, Prestwich, 
1871c, Woodward 1881, Harmer 1900, 1902, 1910a, 1914-25).  During the twentieth 
century the sequence was shown to be more complicated and new studies of the fossil 
remains, particularly pollen and foraminifera, led to the interpretation of multiple 
phases of warming and cooling (West, 1961, 1967, 1980a; Mitchell et al., 1973, 
Funnell and West, 1977) but with relatively few (four) cycles.  The combination of 
geomorphological approaches and lithostratigraphy has provided a different perspective 
on the depositional systems within the Crag and has gone someway towards explaining 
the effects of climate on the sedimentary record (Funnell, 1995, 1996a, Rose et al.¸ 
2001, Rose, 2008, 2009).    However, the challenge remains of how to integrate the 
coarser stratigraphy and palaeoenvironmental history derived from the fragmented and 
isolated, onshore records in East Anglia with the complexities of climate change 
indicated by the work on ocean cores (Shackleton and Opdyke, 1973, Shackleton et al., 
1990, Bassinot et al., 1994, Lisiecki and Raymo, 2005). 
 
Most work on the Crag of the Norwich area has focused on the palaeontological data 
and only limited modern work has been published on the sedimentology: Krinsley and 
Funnell (1965) on sand grain textures; Postma and Hodgson (1988) on the sequence at 
Caistor St Edmund, Rose et al., (2002) on the gravels; Read et al. (2007) on sequences 
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at Chapel Hill and Riches et al. (2008) on the sequence at Blake’s Pit, Bramerton. 
Mathers and Zalasiewicz (1988, 1996), Zalasiewicz et al. (1988, 1991) have described 
the sedimentology of the Norwich Crag to the south in Suffolk.  
 
Woodward’s (1881) memoir on the Norwich area provides extensive descriptions of 
exposures and details of fossils recovered from the Crag around Norwich.  His type 
sequence for the Norwich Crag Series consisted of four units (Table 5.2.1) and was 
based mainly on the section at Bramerton (Figure 5.2.2, Woodward, 1881, p.31, Reid, 
1890): 
 
4. Buff false bedded sand and red gravel composed mainly of flint but with quartz 
and authigenic ironstone nodules. 
3. Laminated clay with thin seams of sand and gravel. 
2. White and brown sand with pebbly gravel and authigenic ironstone nodules. 
1. Bed of unworn and rolled flints – The Stone bed. 
 
Table 5.2.1 Lithological divisions of the Crag in the Norwich area (Woodward, 1881) 
 
Elements of this sequence were most recognisable in the pits on the edges of the Yare 
valley to the east of Norwich (Whitlingham, Thorpe, Postwick Grove and Bramerton, 
Figure 5.2.2).  To the west of these locations the Crag sequence contains substantial 
gravel throughout (Woodward, 1881; Funnell, 1961; Nickless, 1971) such that the 
divisions are less clear and in some cases, particularly units 3 and 4, they grade laterally 
from one into the other (Woodward, 1881). The relationship of the gravel in Unit 4 to 
the underlying beds of Norwich Crag and to other gravels in Norfolk (and Suffolk) has 
been an area of continuous debate (see Chapter 2).  
 
Lyell (1839) was the first to draw attention to the “dense bed of gravel” on top of the 
Norwich Crag. Quartz rich gravels overlying the Norwich Crag have been recognised in 
the Norwich area since Victorian times but were first studied lithologically by Funnell 
(1961) and Krinsley and Funnell (1965).  Subsequently, further descriptions and 
interpretations were provided by Hey (1976, 1980), Hey and Brenchley (1977), Cox, 
1985a, Green and Macgregor (1999), Rose et al. (2001, 2002), Read et al. (2007) and 
Riches et al. (2008). The arrival of the quartz rich gravels in the Pleistocene sediments 
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of Norfolk and Suffolk has been taken to indicate a significant change in the sediment 
supplied to the Crag basin that may reflect both changes in the climate and re-
organisation of the river systems on the surrounding land areas (Rose, 1994; Rose et al., 
1999, Green and McGregor, 1999, Rose et al., 2001, Lee et al., 2006, Rose, 2008, 
2009). 
 
Figure 5.2.2. The relief of the top of the Chalk in the area around Norwich. Sources are 
Harvey and others (1973) and Arthurton et al. (1994) with modifications based on 
outcrop data and BGS borehole data from Nickless (1971).  Small blue dots 9 – 3 are 
for NW Interceptor and 5 – 20 are for Rising Main (RM) borehole locations from 
Funnell (1961) and Figure 5.2.69.  Section X – Y is shown in Figure 5.2.67 and the 
boreholes used are shown with small red dots. Coloured dots show locations with 
quartzose gravels and references. The area where the Crag is present is taken from 
Figure 9 in Cox et al. (1989) with modifications. National grid squares are 5 km.  
 
The quantified records of quartzose gravels around Norwich together with, their 
quartzose content and elevation are given in Table 5.2.2. Woodward (1881) and Harmer 
(1902) considered that, based on their field observations, the gravels around Norwich 
may be of different ages in different places and simple correlations might be 
misleading. 
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Author Location Clast size Quartzose clasts  Elevation 
  mm % m OD 
Funnell, 1961     
 NW BH 9 - 3 20 - 40  up to 50 above 21.3  
  20 - 40  pred. flint below 21.3 
  10 - 20 present above 16 
 RM BH 5 - 11 20 - 40 up to 25 above 21.3  
  - occasionally above 13 
 RM BH 12 - 20 - pred. flint 12 - 24 
 Whitlingham 20 - 50  up to 40 23 - 26  
  22 - 32 up to 10 15 - 23  
  13 - 22  up to 15 15 - 23  
  6 - 13  up to 25 15 - 23  
  > 13  0 12 - 15 
  6 - 13 5 12 - 15 
 Thorpe (Pound Lane) >13  25 ~ 20 
 W. Norwich Hospital ? high ~ 25 
 Rackheath ? high ~ 22 
 Catton Brick Pit ? high ~ 26 
 Horsham St Faiths ? high 20 - 25 
Hey, 1976     
 Common Pit 16 - 32 10 15 
  10 - 16 25 15 
Hey, 1980     
 Whitlingham 16 - 32  41 24 - 26(?) 
 Caistor St Edmund 16 - 32  32 17 - 25(?) 
 Catton Brick Pit 16 - 32  30 ~ 26  
 Eaton 16 - 32  45 15 - 30(?) 
 Swardeston 16 - 32  38 ~ 25 
Hey, 1982     
 Blake's Pit 16 - 32 1 ~ 8  
 Wroxham Hall Pit 16 - 32 1 ~ 10  
  10 - 16 5 ~ 10  
Cox, 1985a     
 Dunston Common 8 - 16 4 - 30 -1 - -17  
Postma &      
Hodgson 1988 Caistor St Edmund ? 90 23 - 24 
     
Green &      
MacGregor, 1999 Caistor St Edmund 11.2 - 16 14 - 42 20 - 21 
 Mousehold Heath 11.2 - 16 20 35 
Rose et al., 2001     
 Wroxham Dobbs Plantation 8 - 16 0 - 12 ~ 10  
Rose et al., 2002     
 Common Pit 16 - 32  46 ~ 15 
  8 - 16 63 ~ 15 
 Blake's Pit 16 - 32  17 ~ 21 
  8 - 16 30 ~ 21 
Read et al., 2007     
 Chapel Hill, Wroxham Crag 16 - 32  14 - 43 17 - 24  
  8 - 16 30 - 60 17 - 24  
 Chapel Hill, Chapel Hill Sands 16 - 32  22 22 - 27  
  8 - 16 19 22 - 27  
Table 5.2.2. Published records of quartzose gravels around Norwich together with 
details of the clast fractions, quartzose content and elevations of the samples.  Where a 
range of depths is given it is an estimate as insufficient data were presented to locate the 
data accurately. For a map of locations see Figure 5.2.2. 
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Funnell et al., (1979) used pollen, foraminifera and molluscs to identify deposits from a 
warm (Bramertonian) stage overlain by cold stage (pre-Pastonian a) deposits at 
Bramerton.  The Bramertonian was correlated with the Chillesford beds in Suffolk. 
Subsequently, the Bramertonian stage was correlated, in part at least, with the Antian 
stage (Funnell, 1987; Gibbard et al., 1991). Funnell et al. (1979) considered that there 
was a strong transgression in eastern East Anglia during the Bramertonian.  Hamblin et 
al. (1997) also considered that there was a widespread unconformity at the base of the 
Antian/Bramertonian and that it marked the base of the Norwich Crag in eastern 
Suffolk.   Shell beds are recorded at a number of locations, particularly in units 1 and 2, 
and Victorian geologists correlated these locally with one another and more regionally 
with those in Suffolk (see reviews in Woodward, 1881, Reid, 1890 and chapter 2).  
However, the shell beds are not usually laterally continuous (Woodward, 1881).  
 
Casts of bivalve shells have been recorded in iron-cemented gravels associated within, 
or lying on top of unit 3 around Norwich and possibly in the gravels of unit 4, although 
the precise stratigraphic position of the casts is ambiguous (Woodward, 1881). 
Cambridge (1978) and Funnell (1979) have recorded shells associated with quartz rich 
gravels described by Rose et al. (2001) at the Dobbs Plantation, Wroxham (= Crostwick 
of Victorian authors) (Figure 5.2.2). The presence of the bivalve Macoma balthica has 
been used in the definition the Weybourne Crag (Harmer, 1902) and Wroxham Crag 
(Rose et al., 2001) but it has not been recorded in the Norwich area.   The record of M. 
balthica at Dobbs Plantation by Cambridge (1978) is considered to be incorrect as he 
misidentified juvenile forms of M. obliqua (Riches et al., 2008; Larkin and Norton, 
2011).  There are few modern biostratigraphic correlations of the sections in the 
Norwich area with one another (Dobbs Plantation with Bramerton in Funnell, 1979; 
Caistor St Edmond with Bramerton in Hodgson, 1989) and these are based on bivalves 
and foraminifera.  However, Funnell (in: Gibbard et al., 1991) and Norton (1977) 
considered both these groups to be unreliable for detailed correlation. Records of fossil 
vertebrates around Norwich are generally poorly constrained stratigraphically but 
appear to be associated with the Norwich Crag (Woodward, 1881; Reid, 1890; Stuart, 
1982; Mayhew and Stuart, 1986).  
 
The effects and deposits of later glacial activity have led to a complicated sequence in 
the area around Norwich. The extensive borehole programme undertaken by the BGS to 
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evaluate the sand and gravel resources in the area southeast of Norwich demonstrated 
that “the relationship of one bed to another is in many cases complex” (Nickless, 1971, 
p.3) and the general relationship was illustrated with a schematic cross section (Figure 
5.2.3). Quartzose gravels also occur immediately beneath and above the till known as 
the Norwich Brickearth (Nickless, 1971; Funnell, 1975).  Cox (1985a) records 
quartzose gravels within an incised valley at Dunston Common (Figure 5.2.2) down to 
depths of -17 m. These gravels were probably associated with glacial processes rather 
than purely fluvial action, as was suggested by Cox (1985a).   
 
The Chalk surface (Figure 5.2.2) currently slopes to the east below OD, but to the north 
of Norwich the slope above OD is to the north east on to the North Norfolk Shelf (see 
Figure 4.17 in Chapter 4). The Chalk surface has been dissected by relatively steep 
sided, buried valleys with a rectangular pattern that extend down to well below sea level 
in places.  The buried valleys are probably due to glacial action (Wood and Harmer, 
1869b; Funnell, 1958; Woodland, 1970) although Cox (1985a) suggested that the over-
deepened Tas valley at Dunston Common (Figure 5.2.2) was formed by fluvial erosion 
in response to a period of Pleistocene lowered sea level associated with a cold phase.  
Away from buried valleys, the Chalk surface shows minor variation in relief but this 
does not appear to be related to differences in the resistance of Chalk units as they 
maintain a north-south strike across the area (Mortimore et al., 2001, p. 352). However, 
the Chalk in the areas to the east and west of the Whitlingham quarry has been buckled 
(Woodward, 1879, 1887) (Figure 5.2.4).  Chalk rafts are underlain by till in the areas to 
the west and southeast of Whitlingham (Wood, 1988, pp. 93, 96). Glacial deformation 
may account for the local high spots in the Chalk surface to the west of Bramerton and 
south of Whitlingham.   
 
There is a slight shelving of the slope of the top of the Chalk from 10 m down to OD 
between Caistor St Edmund and Bramerton (Figure 5.2.2) and around Dobbs Plantation.  
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Figure 5.2.4. Chalk pit at Whitlingham, near Norwich showing glacially buckled Chalk 
and Crag (From: Woodward, 1887, p. 468). The section is no longer visible and the pit 
lay to the east of the Whitlingham pit shown on Figure 5.2.2 (Wood, 1988).  	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5.2.2 Bramerton 
 
5.2.2.1 Introduction 
 
Bramerton is situated close to the western margin of the Crag deposits preserved in 
Norfolk (Figure 5.2.5) and has been important in the evolution of ideas about the 
stratigraphy, age and palaeo - environmental history of Early to early Middle 
Pleistocene sediments in East Anglia and indeed internationally, because of its 
importance in European thinking.   The historically important sites at Bramerton 
(Common Pit (TG 2951 0601) and Blake’s Pit (TG 2981 0610) (Figure 5.2.6) have 
been considered as type sites for the Norwich Crag (Reid, 1890, Mathers and 
Zalasiewicz, 1988), the Upper Norwich Crag (Harmer, 1900) and the “Bramertonian” 
temperate stage of the British Pleistocene (Funnell et al., 1979).  Both sites have been 
designated as a single Site of Special Scientific Interest because they are a “A key 
locality of national importance to Pleistocene studies” (Natural England, 1985) on 
account of their fossil remains, particularly vertebrates, and because the flora and fauna 
in the sequence record a change from temperate (Bramertonian) to cold (Pre-Pastonian 
a) climatic conditions (Funnell et al., 1979).  The “Bramertonian” stage has 
subsequently been considered to represent part of the “Antian” temperate stage 
(Funnell, 1987, Zalasiewicz et al., 1991, Gibbard et al., 1991).  However, there are 
limitations and problems with the use of the stages erected principally on pollen 
assemblage zones (Chapter 3). 
 
Both pits at Bramerton are badly degraded and overgrown. The extent of this 
degradation and the tree growth precluded the exposure of a significant section at the 
Common Pit.  Work was focused on Blake’s Pit not only because it was more 
accessible but because the landowner granted permission to dig a series of trial pits on 
the land uphill from the lowest level in order to derive a long vertical section.  The 21 
m thick sequence described from Bramerton is probably the longest vertical, surface 
exposure of pre-MIS12 Pleistocene sediments in East Anglia and has been recorded in 
detail, as much of the section is not readily available for future workers.  
 
Following a historical review of the previous work at Bramerton, the new data and an 
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interpretation of the sequence is presented in three sections.  The first section contains 
the sedimentological description and interpretation. The next section contains 
descriptions and interpretations of the gravel composition and heavy mineral 
components of the sediments. The final section contains the palaeoenvironmental 
synthesis of the data from the preceding two sections and the main conclusions. 
 
Figure 5.2.5. Map of locations mentioned in the text. National Grid squares are 10 km. 
The Crag is absent in the shaded areas. 
 
5.2.1.2 Historical Review 
 
The section at Common Pit was first described by Taylor (1824b) and is the classic 
Bramerton site referenced in the literature.  Blake’s Pit is first mentioned in the 
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Figure 5.2.6.  Location map for the two Bramerton pits, the boundaries of the S.S.S.I. 
(in red) and the location of the trial pits excavated for this study. National Grid squares 
are 100 m. 
 
literature by Reeve (1870) although Woodward (1833, p.21) mentions outcrops “200 
yards” downstream from the Common Pit (later recorded as “300 yards” by his 
grandson H.B. Woodward, 1881) that may be close to, if not, the same outcrop.  
Measured sections have been published by many other authors for the Common Pit 
including, Woodward (quoted in Bakewell, 1839, p. 415 and Woodward, 1881), Wood 
(1865, 1867), Wood and Harmer (1872), Woodward (1881, 1887, 1893), Gunn in 
Woodward and Newton (1891), Funnell (1961) and included in geological cross 
sections (Wood, 1865, 1867; Harmer, 1867; Rose et al., 2002). Funnell et al. (1979) 
and Cambridge (1979) published descriptions for the sequences at both the Common 
and Blake’s pits. The first published description of the section at Blake’s Pit was by 
Cambridge (1975) and Riches et al. (2008) provided a more detailed description.  There 
are often differences between any two published sections for the Common Pit and, as 
Woodward (1881, p. 82) observed, “every section taken at intervals must vary as the 
beds themselves are so changeable”. However, there are consistent, if not uniform, 
elements to each published section from the Common Pit and they are listed in Table 
5.2.3. A summary comparison of the different sections recorded by different authors is 
shown in Figure 5.2.7.  
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Bed       Thickness 
   
g) Sand with or without gravel   4’ (1.2 m) 
f) Clay     1 - 2’ (0.3 – 0.6 m) 
e) Upper Shell Bed   2 - 5’ (0.6 – 1.5 m) 
d) Sands with or without shells 12 - 5’ (0.6 – 1.5 m) 
c) Lower Shell Bed   5 - 6’ (1.5 – 1.8 m) 
b) Stone Bed    1’ (0.3 m) 
a) Chalk     
 
 
Table 5.2.3. Summary of the section recorded at Bramerton Common Pit (modified 
from Woodward, 1887, 1893).  
 
Figure 5.2.7.  Comparison of simplified sections of various authors (From Cambridge, 
1979): A - Common Pit (Taylor, 1824b); B - Common Pit (Funnell, 1961); C and D 
Blake's Pit (Cambridge, 1975) and E - Common Pit (Woodward, 1882). 
 
 182 
The importance of the differences in the molluscan fauna between the two shell beds 
was first recognised by Taylor (1865) in the nearby Whitlingham pit (Figure 5.2.5) but 
subsequently attention was focused on characterising this difference with collections 
primarily from the Bramerton Pits (Taylor, 1866a,b; Woodward, 1881).  The lower bed 
became characterised as “fluviomarine” on account of several species, albeit scarce, of 
freshwater and terrestrial molluscs and vertebrate remains (Lyell, 1839).  The terms 
“upper” and “lower” shell beds have not necessarily been used consistently by different 
authors and can lead to confusion when comparing different works, correlating pit to pit 
or precisely locating specimens.  
 
The top of the Chalk is seen at elevations of between 2 and 4 metres OD today, just 
above the river level, whereas Taylor (1824b) showed the section at Bramerton sitting 
on a chalk cliff rising 15 feet (~ 4.5 m) above the river (Figure 5.2.8) and the section 
drawing by Gunn in Woodward and Newton (1891, figure 4, p. 34,) would suggest the 
sequence lay above an exposure of about 10 feet (~ 3 m) of Chalk.  The Chalk lying 
beneath the Pleistocene is probably uppermost Campanian or lowermost Maastrichtian 
in age (Wood, 1988).  
 
Figure 5.2.8.  Section of the Crag strata at Bramerton (From Taylor, 1824b, Plate 
XLVll). 
 
The rich vertebrate and invertebrate fossil assemblages from the Norwich Crag at 
Bramerton were extensively studied in the nineteenth century by many workers and 
records appear in Sowerby (1812 -1826) and Smith (1816) and were referenced 
significantly in the two important monographs on Crag Mollusca (Wood 1848-1882) 
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and Harmer (1914-1925).  Early records of fossil remains, especially vertebrates, are 
not well located.  However, the fauna from the upper and the lower shell beds in 
Common Pit and from Blake’s Pit were exhaustively collected by James Reeve, the 
curator of Norwich Museum, and are deposited in the Norwich Museum.  His 
collections were partially recorded in his published “list of fossils”(1878, 1880) and in 
Prestwich (1871c, p. 457).   A later summary of the fauna from the two pits is provided 
by Woodward (1881).   
 
The sequence at Bramerton has been important in the development of ideas concerning 
the correlation and palaeoenvironmental history of the Early to Middle Pleistocene.  A 
number of ideas have evolved over almost two hundred years and formed the basis for 
the correlation and palaeoenvironmental interpretation of the Late Pliocene to early 
Middle Pleistocene deposits of East Anglia.   A good summary of the Victorian debates 
centred, wholly or in part, on the “so called typical” section at Bramerton is provided 
by Woodward (1881, pp 33 – 40) and includes: 
 
• The recognition of an upper shell bed with slightly deeper water and more 
northern species than are found in a lower shell bed (Taylor, 1865) 
• The correlation of the Chillesford Clay (and sometimes, the Scrobicularia beds 
at Chillesford with the upper shell bed at Bramerton) to form a marker horizon 
across Suffolk and Norfolk (Wood, 1864; Taylor, 1866; Fisher, 1866; Gunn, 
1869; Harmer, 1869; Prestwich, 1871c, Plate XX) 
• The possible correlations of  part of the Norwich Crag with the Red Crag 
(Wood, 1866; Taylor, 1866a,b; Wood and Harmer, 1869a; Wood, 1880)  
• The influence and course of rivers at various points in the sequence, particularly 
the extent of freshwater influence in the lower “fluvio-marine” shell bed (Lyell, 
1839; Austen, 1851; Gunn, 1866; Wood and Harmer, 1872) 
• The origin and correlation of the pebbly gravels on top of the “Norwich Crag” 
(Wood, 1866a, 1867; Harmer, 1869; Wood and Harmer, 1869; Prestwich, 
1871c, 1890a; Woodward, 1881) 
• The relative rates and timing of land subsidence in the Crag seas of East Anglia 
(Wood 1845-1882; Wood, 1866; Prestwich, 1871c; Woodward 1881) 
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In the mid 1880’s, as the work by the Geological Survey in Norfolk came to an end and 
Norwich Geological Society merged with the Norfolk and Norwich Naturalists’ 
Society, the work on the Norwich Crag was undertaken by a smaller group of people.  
The most notable worker at this time was the distinguished Norwich “amateur” F.W. 
Harmer who synthesised his regional ideas on the Crags and younger beds of East 
Anglia in a series of influential papers (1896, 1898a, 1900, 1902, 1910a, b and 1914-
25).  
 
Harmer introduced and established the term Icenian Crag to name a “distinct and 
widespread area to the north of that of the Red Crag” (Harmer 1914 - 1925, p. 498) and 
it was composed of three “Horizons”: the Norwich Horizon, the Chillesford Horizon 
and the Weybourne Horizon.  The Icenian was characterised by an impoverished fauna, 
often with thinner or smaller shells than those of the same species found in the Red 
Crag.  He attributed this difference to a less saline and probably estuarine environment.  
He ascribed the source of the abundant mica and the quartz pebbles to the Ardennes 
area and concluded that the Icenian deposits were intimately tied up with an ancestral 
Rhine estuary.   He envisaged  that deposition of the Norwich Horizon (as seen at 
Bramerton) took place in a shallow, widespread, brackish sea that was blocked to the 
north by Scandinavian ice and whose salinities were diluted by major rivers from 
Europe.  He no longer considered that the Chillesford beds correlated with the “fluvio-
marine” Norwich Crag and that they were younger and laid down in one of the 
estuaries of the ancestral Rhine.  The course of this estuary was mapped out using 
exposures of “undoubted” Chillesford Clay that he mapped in a sinuous course from 
Orford in southeast Suffolk to Burgh in north Norfolk (Figure 5.2.9). He suggested that 
the more estuarine environment was due to uplift in the western part of the basin.  A 
subsequent subsidence in the area of northern Norfolk enabled a minor transgression by 
the northern seas to form a “small inlet” (Harmer, 1914 – 25, p. 502) in which the 
Weybourne Horizon was deposited.   Harmer characterised the fauna in these sediments 
as being increasingly impoverished but marked by the first appearance of the bivalve 
Macoma balthica.  Where M. balthica does occur it is usually the most abundant shell 
present and Harmer suggested that its presence might be sufficient to characterise the 
youngest horizon. 
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Figure 5.2.9. The Chillesford Clay estuary and the distribution of the pebbly gravels.  
Key: + are principal exposures of the Chillesford Clay;  = = is the course of one of the 
Rhine estuaries; dotted area indicates distribution of pebbly gravel. From Harmer, 
1910a, Figure 22. 
 
The 1960’s saw a resurgence of academic interest in the Norwich Crag when a group 
originating from Cambridge University examined various aspects of the sequence.  
Several papers included analyses of the sections at Bramerton: Funnell (1961) 
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foraminifera; Norton (1967) mollusca; Mayhew (1979) vertebrates, and Hey (1976, 
1982) clast lithologies.   
 
Members of the Geological Society of Norfolk were also active in exposing, collecting 
and recording from the site, notably Philip Cambridge (1975, 1979). Bramerton has 
yielded an important vertebrate assemblage, including the most primitive microtine 
rodent assemblage known from the British Isles (Mayhew and Stuart, 1986), a 
gomphothere mastodon, holotypes of the extinct otter Enhydra revei (Newton, 1890) 
and the extinct gazelle Gazella daviesii (Hinton, 1906).   
 
Funnell et al. (1979) published a synthesis of the work at the two Bramerton pits and 
also included data on pollen assemblages. This latter publication provided the basis for 
the designation of the site as an S.S.S.I. (Nature Conservancy Council, 1985).   The 
only published pollen analyses from Bramerton are in Funnell et al. (1979) and were 
based on a few samples with low pollen counts (all were less than 200 per sample) from 
Blake’s Pit.  They recognised two pollen assemblage biozones (p.a.b). The lower 
“Alnus-Quercus-Carpinus p.a.b was recorded in eight samples between 2.55 and 5.8 m 
OD.  This was interpreted as indicating a regional temperate forest. The upper Pinus - 
Ericales - Graminae p.a.b reflects an abrupt change in vegetation and recorded in a 
single sample at 5.85 m OD within a shell bed.  The change in the p.a.b. was interpreted 
as the result of a deteriorating climate that had caused the disappearance of the 
temperate forest that was replaced, in part, by heath and herbaceous communities. This 
climatic change signalled an end to the temperate “Bramertonian”.   
 
The foraminifera were more comprehensively evaluated from both pits and were said to 
be “clearly of a post-Red Crag, post Ludham Crag aspect overall” (Funnell et al., 1979, 
p. 500) and dominated by Elphidiella hannai but with a low faunal diversity.  Although 
there were similarities in foraminifera between the two pits it was not considered 
possible to use them to make reliable correlations between the pits.  Indeed, it was 
stated by Funnell et al. (1979) that “facies control of Norwich Crag foraminiferal 
assemblages leads to recurrent patterns and it is not yet possible to identify reliably any 
distinctive features in the faunas that characterize individual temperate or cold events” 
(Funnell et al., 1979, p. 501).  None-the-less, by comparison with other sites they 
suggested that the upper foraminiferal assemblages indicated a deteriorating climate 
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from above 6.75 m OD (within the shell bed) at Blake’s pit and above 8 m OD in 
Common Pit. A summary of the palaeoclimatic interpretation of the sections at 
Bramerton by Funnell et al. (1979) is shown in Figure 5.2.10. In the lower part of the 
section in both pits they record the occurrence of numerous foraminiferal species that 
are characteristic of the Red Crag and echinoid spines and bryozoans. The molluscan 
assemblages also have a low diversity and four marine “facies” (a-d) (Funnell et al., 
1979, p. 514) were identified on the basis of quantitative evaluation of the fauna in bulk 
samples (≤ 1kg, see Norton, 1967 for methodology).  The lowest facies (a) was found at 
3.4 m OD in the Common Pit and was an “inner-sublittoral muddy bottom facies with 
littoral, brackish, tidal-flat conditions”.  The next facies (b) found in Blake’s Pit was at 
3.5 m OD was intermediate between (a) and (c) and represented a “boreal littoral-inner-
sublittoral facies with a few brackish water littoral shells”.  Facies (c) occurred at 5.8 m 
OD in the Common Pit and 6.8 m OD in Blake’s Pit and was described as boreal 
fluviomarine reflecting brackish tidal flat conditions with abundant Hydrobia ulvae.  
Facies (d) was seen at 9.8 m OD and reflects an “open coast, more subarctic facies with 
littoral and sublittoral provinces”.   Norton’s quantitative approach to describing the 
mollusc fauna can lead to a different impression of the same horizons described by 
others qualitatively (e.g. Cambridge, 1975, 1979) owing to the latter emphasizing 
diversity but unconstrained by sample size.   
 
It is clear that Funnell et al.’s (1979, p. 496, 497) argument for an abrupt change from a 
temperate to cold climate is heavily dependant on a single pollen sample with only 
weak substantiation from the molluscs and foraminifera. Moreover, both the forams 
and molluscs indicate a mixing of fauna from different environments and the possibility 
of re-working Red Crag material near the base of the section. 
 
Another possible indication of reworking in the lower part of the section is provided in 
Mayhew and Stuart (1986). They considered that the small mammal remains from “the 
lower shell bed” at Bramerton belonged to their Group 2 and the cross plot of length 
versus width of M1 teeth suggested that the specimens represented “collections of 
material of different geological ages” (Mayhew and Stuart, 1986, p. 446). 
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Funnell et al. (1979) proposed various correlations for the sections at Bramerton with 
other locations in East Anglia.   On the basis of pollen stratigraphy the temperate pollen 
assemblage “Bramertonian” was correlated with the Lp5 biozone at Ludham (Funnell 
and West, 1977) or the Chillesford pollen assemblage from Chillesford (West and 
Norton, 1974) taken from the upper part of the Chillesford Sand Member (Gibbard et 
al., 1998).  The foraminifera and mollusca did not by themselves provide a basis for 
correlation (Norton, 1977; Funnell, 1989) and the possibility for different correlations 
was constrained by the interpretation placed on the pollen assemblages. Funnell et al. 
(1979) postulated that there was a widespread transgression in eastern East Anglia 
associated during the Bramertonian stage and the Norwich Crag at Bramerton, the Crag 
at four localities in Suffolk (Chillesford, Aldeburgh, Thorp Aldringham and Sizewell), 
and the Westleton beds were deposited at this time.  The cold stage recognised at 
Bramerton was equated by them with the Pre-Pastonian a substage, which on the 
Norfolk coast contains the bivalve Macoma balthica.  The quartz rich gravels, 
characteristic of the Norwich area, were not recorded by them at Bramerton but were 
considered to be Pastonian or younger in age although the timing of their first 
appearance was considered uncertain. 
 
Subsequently, Funnell (1979), using foraminifera and mollusca, correlated a horizon 
from the shell bed at ~6 m OD in Blake’s Pit and the interval ~8 to 9.5 m OD in 
Common Pit with a horizon 65-70 cm above the Chalk at Dobb’s Plantation, 
Crostwick. This horizon lies below the topmost bed at Dobb’s Plantation from which 
Cambridge (1978) recorded specimens of Macoma balthica, although he probably 
misidentified them (Riches et al., 2008; Larkin and Norton, 2011).  Long (1990) drew 
comparisons between the molluscan fauna recovered from the top of the Norwich Crag 
at Bulcamp, near Southwold, and Norton’s (1967) “upper shell bed”  at Common Pit.  
Mayhew (1990) drew comparisons between the small mammal fauna at Bulcamp with 
the fauna from the “lower shell bed” at Bramerton. A summary of these correlations is 
shown in Table 5.2.4. 
 
Zalasiewicz et al. (1991) and Gibbard et al. (1998) accept Funnell et al.’s (1979) 
correlation of the section at Chillesford (which also includes the Scrobicularia Crag) 
with that at Bramerton.  This interpretation produces a layer cake stratigraphy model 
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with the Chillesford Clay as a regional stratigraphic marker horizon (an assumption 
contested by Hamblin et al., 1997).  
 
Studies of the gravels above the Norwich Crag in the Norwich area have led to different 
correlations and interpretations of the depositional environment.  Prestwich (1871c) 
included all the preglacial gravels in Norfolk in the “Norwich Crag” and broadly 
correlated them with the Westleton Beds in Suffolk.   Harmer (1900) preferred to 
correlate the Norwich area gravels with the marine “Bure Valley Beds” in the younger 
“Weybournian” Stage of his Icenian Crag .   However, both Woodward (1881) and 
Harmer (1902) considered that, based on their field observations, the gravels may be of 
different ages in different places and simple correlations might be misleading.  
 
Funnell (1961) described an interval of quartzose gravels above the Norwich Crag  
found in a series of boreholes and drilled across Norwich in connection with a new 
sewer and in a number of pits around Norwich (see also Krinsley and Funnell, 1965, 
Postma and Hodgson, 1988, Funnell, 1996b).  The gravels lay at elevations between 12 
and 28 m OD (with one exception which had a lower elevation of  ~ 7 – 15 m which 
Funnell attributed to solution collapse in the underlying Chalk).  Cox (1985a) recorded 
16 m of quartzose gravels at Dunston Common (6 km to the south of Norwich) at 
elevations of between -16.8  to 2 m OD.  The gravels lie above the Chalk and below the 
glacial sequence and were interpreted as infilling a channel cut into the Norwich Crag.  
On account of the elevation, Cox considered that the gravels were deposited in a river 
valley at a time of substantially reduced sea level during a glacial period.  
 
Hey (1982) and Sinclair (1999) correlated the flint gravels within the “upper shell bed” 
of   Funnell et al. (1979) at Blake’s Pit with the Westleton Beds. 
 
Studies on the gravels of East Anglia have demonstrated the presence of the ancestral 
River Thames (Hey, 1965, 1976; Rose et al., 1976; Hey and Brenchley, 1977; Rose and 
Allen, 1987; Green and McGregor, 1990, 1996, 1999; Hey, 1965, 1976, 1980, 1982; 
Whiteman, 1992; Whiteman and Rose, 1992) and River Bytham (Hey, 1965; Clarke 
and Auton, 1982; Rose, 1987, 1989, 1994; Bateman and Rose, 1993; Hamblin and 
Moorlock, 1995; Lewis et al., 1999; Lee et al., 2004, 2006) across East Anglia. The 
river gravels are characterised by a significant proportion of quartz and quartzite as 
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well as other far-travelled clasts whereas the marine gravels of the Norwich and Red 
Crags are composed almost entirely of flint (Hey, 1976; Rose, 2001, 2009).  The River 
Bytham is considered to be the source of the Early to early Middle Pleistocene age 
marine sands with quartzose gravels in north and central Norfolk that form the 
Wroxham Crag (Rose et al., 1996, 1999, 2001, 2002; Davies et al., 2000, Lee et al., 
2006; Read et al., 2007; Rose, 2009). The Wroxham Crag Formation (Rose et al., 2001) 
sediments are broadly equivalent to the Weybourne Crag of Reid (1882) and the Bure 
Valley Beds of Wood and Harmer, (1869).  On the coast at West Runton, quartzose 
gravels of the Wroxham Crag occur above and below the West Runton Freshwater Bed 
(Rose et al., 2008).  Hey (1976) and Lee (2009) have also recorded high quartzose 
gravels in preglacial sediments of the north Norfolk coast.  Green and McGregor (1990) 
examined Pleistocene gravels in north Norfolk, and interpreted the lower level 
quartzose gravels of the Weybourne Crag as marine and the higher level quartzose 
gravels as the deposits of the proto-Thames.   Hey (1976, 1980, 1982) and Green and 
McGregor (1999) attributed some of the gravels around Norwich to fluvial deposition 
from the ancestral Thames even though some deposits contained shells (Rose et al., 
1999c). Quartz rich gravels in the Norwich area at Bramerton (Rose et al., 2002) and at 
Chapel Hill (Read et al., 2007) have been assigned to the Wroxham Crag Formation.  
 
Rose (Rose et al. 2001, Rose, 2008, 2009) has provided a synthesis of the stratigraphy 
and depositional history linking the marine and fluvial sediments in Norfolk.  
According to their model, the onset of a supply of far travelled, coarse material by the 
rivers to the marine Wroxham Crag basin is considered to be a significant event that 
was a response to climatic deteriorations driven by Milankovich style climate changes.  
The area was also subjected to changes in sea level owing to a combination of climate 
forcing (glacio-eustasy) and neotectonics (Rose et al., 2001, 2002; Read et al., 2007; 
Leeder, 2008).   The fine grained fluvial and estuarine deposits of the Cromer Forest 
bed represent the eroded remnants of the low energy river flood plains formed during 
temperate episodes and occur within the Wroxham Crag.   
 
Miller et al. (1979), Davies et al. (1982) and Davies et al. (2009) have published amino 
acid ratios derived from molluscs from Bramerton as part of an attempt to construct an 
aminostratigraphy for the Crag.  Miller et al. (1979) concluded that their results 
suggested an age for the younger Crag group (including Bramerton) of 0.7 – 1.2 Ma but 
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recognised it could have an age up to 1.9 Ma. Recent work on the amino acids in 
gastropods taken from the lower shell bed at Bramerton (Davies et al., 2009) has 
demonstrated that it is older than the Cromerian at West Runton.  The records of the 
remains of the comb-antlered deer Eucladoceras cf. sedgwickii from the basal “Stone 
Bed” and the unstratified mastodon Anancus arvenensis from Bramerton indicate an 
Early Pleistocene age, as these species are not known after the Upper Villafranchian in 
Europe (Riches et al., 2008).  
 
Scientific issues 
 
A number of key issues emerge from the previous work on and around Bramerton. 
 
Although the biological remains at this type site have been intensely studied for nearly 
two hundred years, the sediments have only been examined superficially and are in 
need of comprehensive and detailed sedimentological analysis.  Such analysis has been 
hampered in the past by the serious degradation of the two pits and the absence of 
continuous sections. 
 
The integration of sedimentological and palaeontological data is needed and the 
analysis may improve the identification of signals and responses to climatic changes in 
the sediment, particularly in relation to changes in sea level. 
 
The completion of a more detailed palaeoenvironmental assessment of the sequence at 
Bramerton should provide a better insight for the potential time averaging, reworking 
and preservation of biological and lithological material.  This will then provide a better 
basis on which to evaluate the robustness of existing correlations between the section at 
Bramerton and other sites in East Anglia. 
 
5.2.2.2. Site excavation 
 
5.2.2.2.1 Access 
 
Initial discussions on digging the trial pits began with the landowner, Mr S. Mitchell, 
during early 2003 and he became an enthusiastic supporter of the project. As the site is 
an S.S.S.I., a programme of scientific work was submitted to English Nature (now 
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called Natural England) for their consent. Unfortunately, South Norfolk District 
Authority (on behalf of the Broads Authority) deemed that the proposed trial pit 
excavations required planning permission as they could not convince themselves, even 
after several conversations on the issue, that the excavations were not “mineral 
workings”.  This unusual situation arose partly because the landowner had made a 
planning application in 1990 to dig a series of terraces to expose the section and 
construct “interpretation facilities” that had been refused. Obtaining this consent also 
required several meetings and discussions with the landowner and with English 
Nature’s representative, Richard Leishman.  English Nature required that the exposures 
be made available to palaeoentologists to enable them to undertake any other work 
while the opportunity presented itself. Discussions were also held with the Parish 
Council and with the Environment Agency to ensure that they would support the 
application. The initial planning application was made in November 2003.  The 
planning application included the fee of £220, a map (scale 1:3,750) showing the 
locations of the proposed pits, a detailed description of the work to be undertaken and 
how the ground would be made good on completion and the arrangements for parking 
and access for any visitors to the site.  The landowner requested that the application 
include provision for a shed as an interpretation centre.  This resulted in the initial 
application being refused so it was re-submitted without the shed.  Final approval was 
granted in March 2004.  Excavation work began in June 2004 and the pits were back 
filled six weeks later as required by the planning consent. Copies of the papers related 
to gaining access to the site are contained in Appendix 1. 
 
5.2.2.2.2 Locating and levelling pits 
 
The approximate position of the pits was determined as a guide for the digger but the 
final position was determined by how easily the JCB (contracted to me by the 
landowner) could position itself to dig adequate pits amongst the trees.  After the initial 
set of trial pits had been dug, they were precisely levelled using a Topcon Dumpy Level 
and surveyor’s staff to ensure that there was sufficient vertical overlap between the pits. 
This resulted in the subsequent deepening of some pits and the excavation of an 
additional pit (4/5).  The location of these pits is shown on Figure 5.2.11 and 5.2.12. A 
glacial diamicton was exposed at the top of pit 8.  Three additional pits (9-11) were dug 
further up hill to see if the pre-diamicton section might be exposed at higher levels. The 
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base of the diamicton was found at 22 m OD in pit 9 and not seen in the two higher 
exposures.  None of the benchmarks shown on the OS maps could be located so the 
levelling was tied to Ordnance Datum using a spot height on the corner of the road next 
to Bramerton Common and this probably enabled an accuracy of  ± 0.5m.   
 
 
Figure 5.2.11. Location of Blakes’s Pit and trial pits.  
 
One consequence of the time and cost pressures on the use of the digger was that it was 
not possible to establish if the sections exposed in each of the pits provided a full 
overlap of contemporaneous sections. Unfortunately, the upper parts of the section in  
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two pits (2 and 4) had probably been disturbed by later processes or human activity 
(quarrying, tree root removal). 
 
Each pit had an area of approximately 2.5 m x 2.0 m at the surface and this was 
progressively reduced in size downwards by a number of steps in the deeper pits.  The 
depth of the steps in each pit depended on the strength of the sediment and in some 
cases the surface area at the base of the pit was only 0.7 m x 1.0 m. 
 
The initial National Grid Reference of the pits was determined with a handheld Garmin 
GPS. However, owing to the heavy tree canopy the GPS did not provide repeatable data 
so the GPS data were combined and adjusted with a “chain and compass” survey 
between the intersection of the two fences 25 metres to the southeast of pit 10 and the 
corner of the cottage to the west-northwest of pit 1.  The results of the elevations and 
the grid reference determinations are shown in Table 5.2.5. 
 
Top  
m OD 
Bottom 
 m OD 
Thickness 
(m) 
Overlap  
(m) 
   Grid Ref. 
  
      
Pit 1 3.50 2.30 1.20  29806  06109 
Blakes Pit 8.10 3.30 4.80 0.20 29813  06102 
Pit 2 10.10 7.50 2.60 0.60 29810  06093 
Pit 3 13.30 9.75 3.55 0.35 29807  06077 
Pit 4 15.30 12.00 3.30 1.30 29812  06062 
Pit 4/5 17.20 15.00 2.20 0.30 29814  06054 
Pit 5 18.60 15.80 2.80 1.40 29809  06045 
Pit 6 20.30 17.30 3.00 1.30 29812  06032 
Pit 7 22.30 18.90 3.40 1.40 29816  06009 
Pit 8 24.15 22.15 2.00 0.15 29826  05979 
Pit 9 24.50 22.50 2.00 1.65 29827  05963 
Pit 10 25.35 23.45 1.90 1.05 29828  05950 
Pit 11 32.20 29.70 2.50 0.00 29835  05885 
 
Table 5.2.5. Trial pits and excavation at Blake’s Pit and New Plantation, Bramerton: 
Elevation, section thickness, overlap between successive pits and National Grid 
Reference  
 
5.2.2.2.3 Sampling and visitors 
 
A programme of sampling for particle size analysis, heavy mineral analysis, clast 
lithological analysis, micropalaeontology and palynology and palaeomagnetism was 
undertaken.    The samples are summarised in Table: 5.2.6 and the locations of the 
samples are shown in Figures 5.2.13.  
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Figure 5.2.13. Blake’s Pit Bramerton Stratigraphic location of samples, with numbers.  
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Particle size analysis   87 samples (~ 100 g) 
Clast lithology analysis  25 samples (~ 10 kg) 
Heavy mineral analysis  23 samples   
Micropalaeontology analysis   4 samples 
Palynology analysis    7 samples 
Palaeomagnetism   38 samples 
 
Table 5.2.6: List of samples recovered from Blakes Pit and New Plantation, Bramerton. 
 
During the time the pits were open they were visited on one or more occasions by: 
Professor J. Rose (Royal Holloway), Dr Danielle Schreve (Royal Holloway); Dr Ian 
Candy (Royal Holloway); Dr Peter Norton, Mr R.A.D. Markham, Mr N. Larkin 
(Norwich Castle Museum). Dr Schreve collected bulk samples for further laboratory 
analysis for vertebrates and her processed samples were sent to Dr Norton to investigate 
the molluscs. Mr Markham had previously been involved with the excavations of the 
Blake’s Pit by the Geological Society of Norfolk during the 1970’s and confirmed the 
correlation of the major units exposed in the excavation with those identified in Funnell 
et al. (1979).  He also sampled the uppermost shell bed as this had not been exposed by 
the earlier excavations. 
 
An undergraduate at Royal Holloway collected samples for micromorphological 
analysis from pit 8 for his Final Year dissertation project. 
 
5.2.2.4. Sedimentary sequence, sedimentology and palaeontology 
 
5.2.2.4.1 Introduction  
 
The sequence above the Chalk has been divided into 5 units and each of these is 
described in the following text and summarized in Figure 5.2.14. The particle size 
analyses of the sediments are summarized in Tables 5.2.7 and 5.2.8 and displayed 
graphically within the appropriate section of the text. Palaeontological work published 
or performed by others on the sections at Bramerton is included in this section to aid the 
sedimentological interpretation of the depositional environment that is presented at the 
end of the description of each Unit or Subunit. 
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Figure 5.2.14. Composite lithological cross section compiled from trial pit exposures at 
Blake’s Pit and New Plantation Bramerton.  Particle size class terminology follows 
Wentworth (1922) except that clay is defined as < 2 microns. 
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Sample  Pit Unit 
Textural 
Group Sorting Mode Mode 
No. No.  (Folk, 1954) (Folk & Ward, 1957) Ø Wentworth  
      size class 
       
509 4/5 3 Sand Moderately Sorted 1.5 Medium Sand 
506 4/5 2g Sand Moderately Sorted 2.5 Fine Sand 
505 4/5 2g Muddy Sand Poorly Sorted 2.5 Very Fine Sand 
507 4/5 2g Sand Moderately Well Sorted 1.5 Medium Sand 
35 4 2g Muddy Sand Very Poorly Sorted 0.5 Fine Sand 
30 4 2f Muddy Sand Poorly Sorted 3.5 Very Fine Sand 
31 4 2f Mud Poorly Sorted 3.5 Coarse Silt 
29 4 2f Sandy Mud Poorly Sorted 3.5 Coarse Silt 
28 4 2f Muddy Sand Poorly Sorted 3.5 Very Fine Sand 
500 4 2f Sand Moderately Sorted 2.5 Fine Sand 
504 4 2f Sand Moderately Sorted 2.5 Fine Sand 
503 4 2f Sand Moderately Well Sorted 2.5 Fine Sand 
103 3 2f Sandy Mud Poorly Sorted 3.5 Coarse Silt 
102 3 2f Sand Moderately Sorted 2.5 Fine Sand 
27 3 2f Sand Moderately Well Sorted 2.5 Fine Sand 
101 3 2f Mud Poorly Sorted 3.5 Coarse Silt 
21 3 2e Sand Moderately Well Sorted 0.5 Coarse Sand 
20 3 2e Muddy Sand Poorly Sorted 2.5 Fine Sand 
19 3 2e Sand Poorly Sorted 0.5 Coarse Sand 
18 3 2d Sand Moderately Well Sorted 2.5 Fine Sand 
17 2 2d Sand Moderately Well Sorted 2.5 Fine Sand 
400 2 2c Sand Moderately Sorted 1.5 Medium Sand 
16 2 2c Sand Moderately Well Sorted 2.5 Fine Sand 
15 Blake's 2b Sand Moderately Well Sorted 2.5 Fine Sand 
14 Blake's 2b Sand Moderately Sorted 2.5 Fine Sand 
13 Blake's 2b Muddy Sand Poorly Sorted 2.5 Fine Sand 
12 Blake's 2b Sand Moderately Well Sorted 2.5 Fine Sand 
11 Blake's 2b Mud Poorly Sorted 3.5 Coarse Silt 
10 Blake's 2b Sand Poorly Sorted 1.5 Medium Sand 
209 Blake's 2b Muddy Sand Poorly Sorted 2.5 Fine Sand 
208 Blake's 2b Sand Well Sorted 2.5 Fine Sand 
207 Blake's 2b Sand Moderately Well Sorted 2.5 Fine Sand 
206 Blake's 2a Sand Poorly Sorted 1.5 Medium Sand 
205 1 2a Sandy Mud Very Poorly Sorted 1.5 Coarse Silt 
204 1 2a Sand Poorly Sorted 1.5 Medium Sand 
203 1 2a Sand Poorly Sorted 1.5 Medium Sand 
202 1 1 Muddy Sand Very Poorly Sorted 2.5 Very Fine Sand 
201 1 1 Sandy Mud Poorly Sorted 3.5 Coarse Silt 
 
Table 5.2.7.  Bramerton:  sand and finer samples from pit 1 to pit 4/5 arranged by unit and in 
sequence from each pit (lowest at base). For location of samples see Figure 5.2.13 and for 
location of pits see Figure 5.2.11. 
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Sample  Pit Unit Textural Group Sorting Mode Mode 
No. No.  (Folk, 1954) (Folk & Ward, 1957) Ø Wentworth  
      size class 
       
70 8 5 Sandy Mud Very Poorly Sorted 2.5 V. Coarse Silt 
69 8 4 Sand Poorly Sorted 1.5 Medium Sand 
68 8 4 Sand Poorly Sorted 0.5 Medium Sand 
67 8 4 Sand Poorly Sorted 1.5 Medium Sand 
66 8 4 Sand Poorly Sorted 0.5 Coarse Sand 
64 7 4 Muddy Sand Poorly Sorted 1.5 Medium Sand 
61 7 4 Sand Poorly Sorted 1.5 Medium Sand 
59 7 4 Muddy Sand Poorly Sorted 1.5 Medium Sand 
63 7 4 Sandy Mud Poorly Sorted 3.5 Coarse Silt 
58 7 4 Sand Moderately Sorted 1.5 Fine Sand 
57 7 4 Sand Poorly Sorted 2.5 Fine Sand 
47 6 4 Sandy Mud Poorly Sorted 1.5 Coarse Silt 
46 6 4 Sand Moderately Sorted 1.5 Medium Sand 
45 6 4 Sand Poorly Sorted 1.5 Medium Sand 
44 6 4 Muddy Sand Poorly Sorted 0.5 Medium Sand 
55 7 3 Sand Moderately Well Sorted 1.5 Medium Sand 
514 7 3 Sand Poorly Sorted 1.5 Medium Sand 
513 7 3 Sand Poorly Sorted 2.5 Fine Sand 
515 7 3 Sand Moderately Well Sorted 1.5 Medium Sand 
511 7 3 Sand Moderately Well Sorted 1.5 Medium Sand 
510 7 3 Sand Poorly Sorted 0.5 Coarse Sand 
43 6 3 Sand Moderately Well Sorted 1.5 Medium Sand 
41 5 3 Sand Moderately Sorted 1.5 Medium Sand 
104 5 3 Sandy Mud Very Poorly Sorted 1.5 Coarse Silt 
39 5 3 Sand Moderately Sorted 1.5 Medium Sand 
40 5 3 Muddy Sand Poorly Sorted 1.5 Fine Sand 
38 5 3 Sand Moderately Sorted 1.5 Medium Sand 
518 5 3 Sand Poorly Sorted 0.5 Coarse Sand 
516 5 3 Muddy Sand Poorly Sorted 3.5 Coarse Silt 
 
Table 5.2.7 continued.  Bramerton:  sand and finer samples from pit 5 to pit 8 arranged by 
unit and in sequence from each pit (lowest at base). For location of samples see Figure 
5.2.13 and for location of pits see Figure 5.2.11. 
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The basal unit consists of large flints at the base overlain by bioturbated grey (7.5YR 
6/1) silty clay and minor brownish fine to medium yellow (10YR 6/6) sand (Figure 
5.2.14, 5.2.15).  
 
Figure 5.2.15. Bramerton, Blake’s Pit. Photograph of Unit 1 and Subunit 2a in Trial Pit 
1. The boundary between the two units is at 45 cm on the staff. The scale is in 
centimetres.                          
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The base of the sequence examined lies on the top of hard chalk that has shallow 
fissures in its horizontal, upper surface.  Flints, which include ‘horned’ forms up to 40 
cm in length, lie on top of the Chalk and are up to 10 cm in vertical thickness.  The 
flints show little or no evidence of abrasion and fracturing, but do show pitting on the 
surface from possible chemical erosion.  Locally the flints are stained green and 
occasional calcareous, un-abraded serpulid worm tubes occur on the upper and lower 
surfaces.  Brown phosphatic nodules, ranging from less than 1 cm in diameter up to 15 
cm in length and 6 cm in diameter, and occasional quartzite clasts are found together 
with the flints.  The large phosphate nodules have a highly polished outer surface and 
are extensively bored.  
 
Overlying the basal flint layer and infilling the voids around the flints is grey silty clay 
with impersistent and irregular patches of sand (Figures 5.2.15 and 5.2.16).   The silty 
clay is micaceous and lacks indications of bedding or lamination.  The sand is fine to 
medium grained and distributed chaotically in narrow tube like features (up to 3 cm in 
length) and in patches (generally less than 10 cm in length but occasionally up to 40cm) 
that are oriented at various angles between horizontal and vertical. 
 
 
Figure 5.2.16. Bramerton, Blake’s Pit. Particle size distribution of sediment samples 
from Unit 1. Sample locations are shown in Figure 5.2.13 and summary analyses are in 
Table 5.2.7. 
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Cambridge (1975) recorded the joined valves of the bivalves Mytilus edulis and Yoldia 
from this unit.    Sand and comminuted shell debris (predominantly Mytilus) are often 
concentrated within cavities in and between flints. Funnell et al. (1979, p. 496) did not 
find pollen from this unit and attributed its absence as probably due to weathering. 
 
The upper surface of the unit is sharp but irregular with very little variation in relief and 
locally is stained pinkish grey (7.5YR 6/2). 
 
The basal part of Unit 1 has complex history.   The encrusted and un-abraded, large 
flints and the bored phosphate nodules (which are probably derived from the Eocene 
London Clay (Balson, 1989)) at the base are interpreted as indicating a post Chalk, 
remanié deposit of uncertain age.   The lack of bedding structures and the irregular 
patches of sand within the overlying silty clay indicates extensive bioturbation which, 
with the bivalve fauna, suggest a low energy, shallow marine depositional environment 
such as an intertidal mudflat.   
 
 
5.2.2.4.3 Unit 2 (2.8 – 16.0 m OD) 
 
Unit 2 consists of a sequence of shell beds, cross-bedded sands and interbedded sands, 
muddy sands and silty clays (Figure 5.2.17). The unit has been subdivided into eight 
Subunits (a-h) to enable a complete description of this temporary exposure. However, 
the use of these Subunits is not meant to imply that they have wide lateral extent 
because their exposure was limited to trial pits.  White mica is common in the sands. 
The sands are predominantly yellowish brown in colour (10YR 5/4) but with local 
reddening around clay seams (Figure 5.2.15).  
 
Subunit 2a (2.8 – 4.45 m OD) 
 
This Subunit is composed of low angle, trough and subordinate tabular, cross-bedded, 
shelly, poorly sorted sands with clay laminae (Figures 5.2.17, 5.2.18). 
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Figure 5.2.17. Bramerton, Blake’s Pit. Composite lithological section of Unit 2 showing 
Subunits and palaeocurrents determined from bedding structures within each Subunit.   
 
The sands are poorly sorted, range from fine to coarse grained but are predominantly 
medium grained, sub-rounded and brownish yellow (10YR 6/6) (Figure 5.2.18).   Sand 
is frequently stained reddish brown (5YR 4/4) adjacent to the silty clay laminae.   
Isolated granules of flint and rare quartzite as well as coarse grained sand beds occur 
more frequently towards the top of the unit.   Shell debris often dominates the coarser 
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sand fraction and is more common in the lower part of the unit.   The concentration of 
shell debris within sand laminae varies from 0 to 75%.   Occasional small phosphatic 
nodules (< 2 mm) are found in the lower part of the section. Unbroken shells are rare 
and are mainly gastropods and ribbed bivalves.  The sands have low angle (< 10°), 
asymptotic cross-bedding and lie in shallow concave upward depressions frequently 
lined with clay seams.   Sand laminae within the cross sets are less than 1cm thick and 
can be separated by very thin (~ 1 mm) clay laminae.  Small but detectable variations in 
grain size between laminae occur but not in any systematic way.  Cross-bedded sets 
rarely exceed 10 cm in thickness and cross-bedding indicates flow mainly to the 
southeast or southwest with a minor component to the north.  The tops of sets are 
invariably truncated by as much as 15 cm.   Rare cylindrical burrows (1 cm in diameter) 
occur beneath some silty clay seams. 
 
 
Figure 5.2.18. Bramerton, Blake’s Pit. Particle size distribution for sediment samples 
from Subunit 2a (< 2 mm fraction). Sample locations are shown in Figure 5.2.13 and 
summary analyses are in Table 5.2.7. 
 
The yellowish brown (10YR 5/4) silty clay seams within the sands vary in thickness 
from a few millimetres to over 2 cm.  The silty clay is micaceous, laminated and may 
contain thin laminae (~1mm) of silt, comminuted very fine shell debris or very fine sand 
(sample 205 in Figure 5.2.18).  Individual silty clay seams are truncated but thicker 
seams may extend over several metres and lateral continuity is directly proportional to 
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thickness. Blocky and rounded clasts of silty clay (up to 4 cm in size) occur sporadically 
on the foresets within the sands.  The thicker clay seams lining concave depressions can 
occasionally be traced over ridges in the underlying sands.   The bases of the silty clay 
seams are usually discordant with the cross-bedding in the underlying sands.   The 
laterally extensive undulating silty clay seams have amplitudes of 10-15 cm and a 
wavelength of 80 – 150 cm.  The axes of the undulations are predominantly aligned NE 
–SW.    
 
The upper boundary of the unit appears concordant with the overlying unit and is 
marked by a 1 cm thick, disturbed layer of silty clay capping a 10 cm thick, shelly sand.  
The shell concentration decreases upwards within this sand. The uppermost shelly sand 
is separated from the thicker shelly sands below by 20 cm of mottled, bioturbated, fine 
grained sand without shells.   
 
Most of the molluscan remains are of small, eroded shell fragments with the larger 
fragments and whole specimens being composed mainly of gastropods or ribbed 
bivalves.   The molluscan fauna recorded by Funnell et al. (1979) from an elevation 
close to the top of Subunit 2a (sample 170-180E) was derived from a wide range of 
habitats ranging from terrestrial and fresh water to sublittoral, but is predominantly 
sublittoral and intertidal.  The presence of the terrestrial and freshwater molluscs plus 
vertebrate remains led to the unit being defined as “fluvio-marine Crag” (Lyell, 1839).  
However, as pointed out by Woodward (1881), whilst the variety of freshwater and 
terrestrial molluscs recorded is quite large they are “exceedingly rare” (op cit. p. 35).  In 
Funnell et al. (1979, p. 512) the terrestrial and freshwater molluscs constituted only 
2.5% of the molluscan assemblage.  
 
Funnell et al. (1979, p. 501) record a number of foraminiferal species from this unit that 
are not typical of the Norwich Crag, but considered that they were probably derived 
from older Red and Ludham Crag.  Mayhew and Stuart (1986) also suggested that vole 
teeth from this bed could reflect a wide range of geological ages.  Cambridge (1975) 
also recorded a bryozoan from this bed that is not otherwise known after the Pliocene. 
 
The pollen from this unit (Funnell et al., 1979) formed an Alnus-Quercus-Carpinus 
pollen assemblage biozone that has been interpreted as indicating a “regional temperate 
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forest” with some coastal non-arboreal pollen.  However, they commented that a greater 
variety of non-arboreal pollen would have been expected if the area were close to a 
river. 
 
Subunit 2a was laid down in an environment with fluctuating energy levels. Stronger, 
generally southerly flowing currents depositing poorly sorted, predominantly medium 
grained, shelly sands in low relief, low angle, sinuous crested dunes.  There are also 
minor shelly sands deposited by currents flowing in northerly directions. Deposition 
from suspension during periods of lower energy/stillstand left thin drapes on the cross-
beds and/or formed more laterally persistent laminated silty clay seams which drape the 
dunes and line erosional hollows.  This alternation of energy in the sedimentary 
environment combined with the reversal of palaeocurrent direction is indicative of a 
tidal regime (Reineck and Singh, 1975). The frequent truncation of cross-bedded sets by 
succeeding sets and the incorporation of rounded and blocky clasts of the silty clay 
laminae within the sands indicates partial reworking of the sediments by stronger 
currents. Thin beds and laminae of coarse sand and occasional pebbles also record 
periods of deposition from stronger current flows.  The coarser material was most 
probably transported to the site of deposition by intermittent storms.  The silty clay 
seams appear to have protected the underlying sands from subsequent erosion and 
contributed to the stabilisation and aggradation of the shell bed to create a composite or 
multiple event concentration of Kidwell (1991).   
 
The high level of shell fragmentation and erosion, the presence of faunas from a wide 
range of environments (some possibly reworked from older deposits), and the low angle 
cross stratification are consistent with current/wave winnowed beds described by 
Meldahl (1993). However, the single most abundant mollusc recorded from this Subunit 
by Funnell et al. (1979) is, surprisingly, not a robust gastropod, but an unribbed, 
relatively fragile bivalve, Abra alba (25% of the total), which suggests it may not have 
been transported very far.  Their basal sample from the nearby Common Pit also had a 
high concentration of A. albra (46%).   A. alba  lives in sublittoral, muddy sand 
environments  (van Hoey et al., 2005; WoRMS).  The mixing of fauna from terrestrial 
to sub-littoral environments suggests that sediment was derived from both the land and 
offshore and is probably best explained as forming in an estuary where the sediment 
from different sources is mixed as a result in changes in relative energy of the marine 
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and fluvial systems, as well as the tidal reversals of flow in a channel.  The mixing of 
fossils of different ages also indicates the erosion of older sediments, possibly offshore, 
which were then transported shorewards by waves and tides. 
 
The poor sorting of the sands and the abrupt boundary with the underlying silty clay of 
Unit 1 and overall structure of this Subunit suggests that the shell beds formed in tidal 
channels.  An alternative interpretation of these deposits having formed as shallow 
ridges, largely by wave action on the surface of a tidal flat (Greensmith and Tucker, 
1969, Bonnot-Courtois et al., 2004) is considered less likely as such deposits are usually 
destroyed by transgressions and most shell beds preserved in ancient tidal deposits are 
from channel floors (van Straaten, 1956).  The thicker silty clay seams in Subunit 2a 
suggest that the shell beds were located fairly high on the tidal flats, albeit submerged at 
high tide, rather than close to the low water mark where energy levels would have been 
higher.  
 
Subunit 2b (4.45 – 7.4 m OD) 
 
This Subunit consists of tabular and trough cross-bedded, fine to medium, moderately 
well sorted micaceous sands with subordinate clay and occasional laterally extensive 
horizontally bedded, silty clay seams overlain by a shell bed and a sequence of thinly 
interbedded argillaceous silt and fine sand (Figures 5.2.17, 5.2.19, 5.2.20). The 
sequence is variably disturbed by bioturbation.  The sands are brownish yellow (10YR 
6/6) to yellowish brown (10YR 5/8), well sorted, predominantly fine to medium 
grained, sub-rounded and non calcareous.   The silty clay seams are yellowish brown 
(10YR 5/4) and often finely laminated.   
 
The sands are characterized by planar and asymptotic tabular cross-bed sets (up to 35cm 
thick). Set thicknesses tend to be thinner and suffer more truncation in the upper part of 
the unit.  Reactivation surfaces have developed locally.   Shelly material is largely 
absent from these sands.  The cross-beds dip at between 20° and 28° to the southwest 
and west-northwest and very occasionally to the north (Figure 5.2.17).  Individual cross-
beds are less than 1cm thick and boundaries are often marked by thin, clay laminae.  
There are no discernible patterns in the sand and clay laminae thicknesses.  
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Figure 5.2.19. Bramerton, Blake’s pit. The section shows Subunit 2b.  The base of 
Subunit 2c is marked with arrows (C).  The base of the shell bed (S) is marked with an 
arrow. 
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The thicker (1-2 cm) silty clay seams are micaceous, laminated, laterally extensive, 
undulate (sample 11 in Figure 5.2.20) and their base frequently cuts across underlying 
cross-bedded sands. These seams appear to have formed a resistant lower surface on 
which sand cross sets were deposited. 
 
 
Figure 5.2.20. Bramerton, Blake’s Pit. Particle size distribution for sediment samples 
from Subunit 2b ( < 2 mm fraction). Sample locations are shown in Figure 5.2.13 and 
summary analyses are in Table 5.2.7. 
 
Bioturbation occurs widely, but not uniformly, within the unit. More obvious discrete 
burrows are cylindrical in cross section, 1-2 cm in diameter and have a thin outer wall 
of darker and finer sediment.  These burrows generally run vertically but occasionally 
run horizontally and can extend downwards for up to 25 cm.  Some sands have lost their 
original structure and possible bioturbation is indicated by a mottled colouration.  Silty 
clay laminae are occasionally ruptured and fragmented in situ and this is usually 
associated with burrows.  
 
The cross-bedded fine sands in the lower part of the Subunit are truncated by a 30-50 
cm bed of thin, frequently truncated, cross-bedded sets of medium and fine grained sand 
with abundant shell debris (up to 75%) and silty clay seams.  The set thicknesses are 
less than 10 cm and laterally continuous silty clay seams occur every 10 -15 cm, often 
lining concave, erosional surfaces beneath each cross-bedded set.   Above this shell rich 
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band, shelly debris occurs sporadically in thin beds and laminae in cross-bedding. Thin 
laminae (< 5 mm) of finely comminuted shell debris and very fine sand occur within the 
silty clay seams.  Occasional single valves of bivalves are found in the clay seams lying 
with the convex side uppermost. The shelly unit is overlain by a 5-10 cm thick, fine 
grain, well sorted sand which lacks internal structure but the top surface suggests 
asymmetrical ripples which are overlain by silty clay.  This is overlain by a unit of SW 
dipping, asymptotic, tabular cross-bedded sets of fine sands, silty clay and muddy sand 
in which silty clay and muddy sand make up to 70% of the thickness (see Figure 5.2.21, 
arrow 1). Occasional thin (< 10 cm) sand beds have steeper, planar cross-bedding. 
Cross-beds in the upper part of the Subunit dip generally towards the northwest with 
one set to the south - southwest. 
 
The uppermost part of the unit consists of coarsely interlayered beds (Reineck and 
Singh, 1975) of clayey silt and fine sand.  Individual sand beds range from < 1 cm to 5 
cm in thickness. Clayey silt and silty clay laminae make up 40% of the sequence in the 
lower part but the proportion decreases upwards to about 20%.  Clayey silt and silty 
clay laminae form seams up to 2 cm thick near the base and become thinner upwards.  
The boundaries between the lithologies are clear and the beds are predominantly sub-
horizontal, albeit undulating (Figure 5.2.20, arrow 2).   
 
Occasional small burrows (1 cm diameter) are discernible in the sands.   Sedimentary 
structures are less distinct in the sands of the top third of the unit and their mottled 
character suggests they may have been bioturbated but there is only minor evidence of 
disturbance of the finer grained laminae.   
 
The palynoflora recovered from silty clay seams within this Subunit (i.e. from 
sediments with a similar description at the same level) by Funnell et al. (1979) was 
similar to that of Subunit 2a and considered by them to be part of the same temperate, 
pollen assemblage biozone (see Figure 5.2.10). 
 
The moderately sorted, large scale cross-bedded sands in the lower part of Subunit 2b 
were deposited by migrating straight and sinuous crested sand dunes during which there 
were intermittent periods of deposition from suspension forming silty clay drapes 
(Collinson et al., 2006, Dalrymple and Choi, 2007).  More extended periods of  
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Figure 5.2.21. Bramerton, Blake’s Pit. The top of Subunit 2b and the erosional surface 
at the base of Subunit 2c which is marked by arrows “c” at the top of Blake’s Pit. Arrow 
“1” points at the cross-bedded muddy sands lying above buried sand ripples.   Arrow 
“2” points at the interbedded clayey silt and sand. 
 
 
deposition from suspension with subordinate and minor bedload transport of fine sands 
and shell fragments are indicated by the laminated, predominantly silty clay seams that 
can occur capping individual cross-bedded sets or in horizontal seams that extend across 
many sets of cross-bedded sands.    Evidence for bioturbation occurs frequently as 
mottling within otherwise structureless sand, fragmented and disturbed silty clay seams 
or as vertical burrows of Skolithos ichnofaunal type. The lower part of the Subunit is 
interpreted as having formed in a tidal channel with the dominant current direction 
flowing southwestwards. 
 
Lying above a laterally continuous silty clay seam in the middle of the Subunit is a bed 
of trough cross-bedded, shelly sand with silty clay laminae and seams that is analogous 
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to Subunit 2a and was formed at the base of a tidal channel.  The overlying sand layers 
were deposited from currents and the interlayered silty clay formed during slack water 
on mixed intertidal flats (Reineck and Singh, 1975). The upward increase in sand 
content indicates a progressively higher energy environment of deposition. 
 
Subunit 2c (~7.4 – 9.3 m OD) 
 
This Subunit is characterised by tabular and trough, cross-bedded, sandy shell beds with 
medium to coarse grained sands and rounded pebbles of flint, 2-5 cm in diameter, and 
contains minor silty clay seams (< 2 mm thick) (Figures 5.2.17 and 5.2.22). Occasional 
thin (< 10 cm thick) lenses of faintly ripple bedded fine sands and seams of silty clay 
are developed. Cross-bed sets range in thickness from 10 – 25 cm.   
 
 
 
Figure 5.2.22. Bramerton, Blake’s Pit. Particle size distribution for sediment samples 
from Subunit 2c (< 2 mm fraction). Sample locations are shown in Figure 5.2.13 and 
summary analyses are in Table 5.2.7. 
 
The base of the unit is marked by a pronounced erosional surface which dips at 12° to 
the east (Figure 5.2.21).   A thin (< 5 cm), matrix supported gravel sits on top of the 
erosional surface and is composed of thick gastropod shells (notably the winkle - 
Littorina), flint (62%), quartz and quartzite clasts (25%) with minor cherts (5%, 
including Greensand, Carboniferous and Rhaxella cherts).  Clast size is generally below 
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2 cm but large flints up to 10 cm do occur.  The matrix is composed of moderately 
sorted medium to coarse sand. 
 
A high proportion of the separated bivalve shells are intact, unlike the lower shell beds, 
and they are stacked with the convex side uppermost and lying parallel with the cross-
beds that dip to the north- northeast.  The matrix between the shells is composed of 
medium to coarse grained, yellowish brown (10YR5/6), subrounded to rounded sand 
(sample 400 in Figure 5.2.22).  Gastropod shells also occur throughout. The foresets of 
a thin bed of cross-bedded sands, without shells, within the Subunit dipped to the south.  
Silty clay occurs only in discontinuous, horizontal laminae within the shelly sand.  
There is a sequence of interlayered finer sands and silty clay analogous to the upper part 
of Subunit 2b separating the shell bed in the lower part from a comparable, thin, upper 
shell bed (sample 16 in Figure 5.2.22). 
 
Isolated small, rounded, flint pebbles (2-5 cm in diameter) occur sporadically especially 
in the upper part of the unit. Small blocks (max 1 cm) of low rank Carboniferous coal 
(identified by Professor A.C. Scott) were found distributed at a level ~ 40 cm above the 
base of the unit. Cambridge (1975) recorded crinoidal limestone, Jurassic ammonites 
and belemnites from this subunit. 
 
Descriptions of the fauna from this Subunit (the “upper shell bed” of Cambridge (1975) 
and Funnell et al. (1979)) indicate that molluscan fauna is predominantly inter-tidal and 
in Funnell et al. (1979) the sample from this level (75-90W) is dominated (73%) by the 
estuarine, inter-tidal gastropod Hydrobia ulvae.  Both Cambridge (1975) and Funnell et 
al. (1979) comment on the common occurrence of distortions/monstrosities in a variety 
of gastropod species found in this unit.  Initially, the distortions were taken to indicate 
adverse environmental conditions but latterly it has been suggested the distortions may 
reflect the effects of parasites or predation (Riches et al., 2008).  Small numbers of 
terrestrial and freshwater mollusca have also been recorded from this unit by these 
authors. Funnell at al (1979) described a Pinus-Ericales-Graminae pollen assemblage in 
a single sample from clay seam within this unit. They interpreted this change from the 
palynoflora recorded lower in the section as being “consistent with climatic 
deterioration causing a disappearance of the temperate forest” which they also 
suggested could represent “a cold, perhaps ‘early glacial’, substage” (op cit. p. 497).   
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The foraminifera recovered, by the same authors, from this unit show only subtle 
changes in composition from the unit below and “indicate conditions approaching, but 
by no means equalling the cold of the ‘Baventian’ as recorded…… in the Ludham 
borehole…”(op cit. p. 520).  A variety of vertebrate remains have been recovered from 
this unit, including vole teeth, lagomorphs and fish remains (Cambridge, 1975; Newton, 
1891). 
 
The sharp, sloping, erosional base of this unit suggests it was deposited in a channel or 
creek. Unlike the lower shell beds this Subunit contains a larger proportion of complete 
or near complete but separated bivalve shells and the fauna is dominated by molluscs 
from the intertidal environment which suggest that deposition of the unit was probably 
more instantaneous than in the lower shell beds.  However, the presence of cross-
bedded sands and interlayered sand and silty clay indicate that it is a composite or 
multiple event concentration (Kidwell, 1991). The foresets of the shelly sands dip north-
northeastwards whereas the cross-bedding in sand without shells dips to the south, 
indicating reversals of current flow. The presence of vertebrates and non-marine 
molluscs in the shell beds suggests that fluvial influence may have been nearby.  The 
unusually high quartzose content in the basal channel lag for the Norwich Crag (25% 
compared to < 5% normally (Rose et al., 2001)) and coal clasts might indicate a more 
significant and high energy, fluvial source nearby (Rose et al., 2001; Rose, 2009). The 
shell bed is interpreted as being the result of storms stripping the surface of the tidal flat 
and flushing the material into a tidal creek or channel, depositing the coarser material as 
sand waves in the channel and flushing the finer material seaward (cf. Greensmith and 
Tucker, 1969). The cross-bedded sand and interlayered sand and silty clay represents 
periods of more “background” sedimentation on a mixed tidal flat or channel infill with 
deposition alternating between tidal current bedload and suspension during slack water 
periods.  
 
Subunit 2d  (9.3 – 10.5 m OD) 
 
The sequence on top of the underlying Subunit consisted of sand interlayered with thin 
clay/silt laminae in the limited horizontal exposure in the basal part of Pit 3.  However, 
the basal part of the Subunit is problematical in the upper part of Pit 2 as the exposure 
(9.3 to 10 m OD in Figure 5.2.17) consists of a bed of structureless, poorly sorted sand 
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with isolated gravel clasts (sample 100 in Table 5.2.8, Figure 5.2.23) that may not be in 
situ and represents colluvium or the spoil of earlier excavations.  
 
 
Figure 5.2.23. Bramerton, Blake’s Pit. Particle size distribution for sediment samples 
from Subunit 2d (< 2 mm fraction). Sample locations are shown in Figure 5.2.13 and 
summary analyses are in Table 5.2.7. 
 
The sand in the rest of the Subunit is brownish yellow (10YR 6/6) to yellowish brown 
(10YR 5/8), moderately well sorted, predominantly fine to medium grained, sub-
rounded and non-calcareous (samples 17 and 18).  Bed thickness ranges from 5 - 10 cm 
and sometimes the sand contains faint indications of low angle, cross-bedding.  The 
sands are occasionally mottled suggesting possible bioturbation.   Silty clay laminae are 
yellowish brown (10YR 5/4), less than 1cm thick, undulate and tend to be laterally 
continuous or merge with other laminae.  
 
The interlayered sand and silty clay reflects fluctuations between bedload deposition 
from currents and suspension deposition and was probably deposited on a mixed tidal 
flat. 
 
Subunit 2e (10.5 – 11.85 m OD) 
 
This Subunit is composed of abundant, often large, shells, yellowish brown (10YR5/6) 
coarse sand and gravel with only very minor silty clay (Figures 5.2.17, 5.2.24, 5.2.25).  
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Figure 5.2.24. Bramerton, Blake’s Pit. Section through Subunit 2e in Pit 3.  The base of 
upper shelly horizon at 0.5 m on the staff (10.95 m OD).  The scale is in centimetres. 
 
The basal bed is 25 cm thick and composed of poorly sorted coarse to very coarse 
grained, rounded sand (sample 19 in Figure 5.2.26) with abundant well rounded, flint 
clasts, shell debris, central spires of gastropods and occasional complete, but separated, 
bivalve valves lying convex side uppermost.  The largest clasts (± 5 cm) are most 
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Figure 5.2.25. Bramerton, Blake’s Pit. Composite lithological section of Subunit 2e 
annotated with data on larger molluscs provided by Dr P.E.P. Norton. 
 
frequent at the base of the unit but the proportion of clasts increases significantly 
upwards where the average size is 2-4 cm.  The clasts are dominated by flint with minor 
amounts of quartzose material. In situ remnants of a partially eroded, laminated silty 
clay seam occur on the top of this bed. Above the basal bed is a 20 cm thick, medium 
grained sand bed, with minor flint granules, shells and shell debris that fines upwards in 
association with a reduction in shells and granules. This bed is then overlain by a layer 
of shelly sand that is itself capped by a bed of fine sand (sample 20 in Figure 5.2.26).  
 
The fine grained sand is overlain by well sorted, coarse grained sand which, upwards, 
includes increasingly higher amounts of flint pebbles (< 3 cm in diameter) and larger 
pieces of shell debris and more whole shells than seen at the base of the Subunit  
(sample 21, Figure 5.2.26, sample 600, Figure 5.2.27). The concentration of shells 
increases upwards until, in the upper 35cm, the shells become densely stacked and 
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Figure 5.2.26. Bramerton, Blake’s Pit. Particle size distribution for sediment samples 
from Subunit 2e (< 2 mm fraction). Sample locations are shown in Figure 5.2.13 and 
summary analyses are in Table 5.2.7. 
 
 
 
 
 
Figure 5.2.27. Bramerton, Blake’s Pit. Particle size distribution for sandy gravel 
samples from Unit 2. The Subunit from which each sample came is shown in 
parenthesis. Sample locations are shown in Figure 5.2.13 and summary analyses are in 
Table 5.2.8. 
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faintly cross-bedded. Particularly noticeable are the isolated valves of bivalves (which 
are often very large, up to 10 cm) including, Macoma obliqua (the dominant species, R. 
Markham, personal communication), Cyprina (Arctica) islandica and Mya arenaria 
(see Figure 5.2.24).  The valves tend to be lying predominantly with the convex side up 
or on their sides.  Although many of the shells show little sign of abrasion the sediment 
also contains shelly debris including the central spires of gastropods that have been 
more severely abraded.  A number of bivalve specimens (M. obliqua) were found with 
both valves together but not in life position. Dr P.E.P. Norton examined samples from 
this Subunit for molluscs and his results are summarized in Figure 5.2.25 (A list of the 
mollusca found from this unit is contained in Appendix 5). Prof. D. Schreve recovered 
molars of Mimomys pliocaenicus, an indeterminate lagomorph and abundant fish 
remains from this Subunit.  
 
The top of the unit is marked by a bed of poorly sorted, gravel-rich, medium to coarse 
grained sand containing shell debris and occasional bivalve shells, often abraded and 
much smaller fragments than in the bed below (Figure 5.2.25, sample 24 in Figure 
5.2.27).  The gravel consists predominantly of well rounded, flint clasts.  
 
Subunit 2e is markedly coarser than any other Subunit within Unit 2 and the mollusc 
fauna contains distinct cold water forms. The sharp erosional base and the overlying 
poorly sorted bed of coarse sand with flint gravel and abraded shell fragments which 
fines upwards at the top of the bed is interpreted as a basal lag deposited within a 
channel.  The upper shelly horizon is formed from poorly sorted shells and well sorted, 
coarse sand with minor pebbles.  The occurrence of connected pairs of valves and equal 
numbers of left and right valves suggests that the shells were derived locally from 
stripping inter and subtidal areas and subjected to little hydraulic sorting before being 
deposited rapidly, as the shells lie at all angles. However, the currents depositing this 
bed largely removed any finer sediment fractions and it was probably laid down in a 
tidal channel. The uppermost part of the Subunit consists of abraded shells and gravel in 
a coarse sand matrix that may represent winnowing by waves or currents of the 
underlying shell bed or possibly represent another tidal channel lag deposit. 
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Subunit 2f (11.85 – 13.9 m OD) 
 
This Subunit contains a markedly higher proportion of silt and clay than adjacent units 
and is composed of three elements (Figure 5.2.17).  The lower beds are formed of 
variably disturbed silty clay with interbedded sands and occasional gravel, the middle 
element consists of very disturbed laminated silty clay and sands (Figure 5.2.29). The 
upper beds are formed of undisturbed interlayered silty clay and sands with some wavy 
bedding.  No fossils, other than minor bioturbation, were found in this unit. 
 
The lower beds (11.85 – 12.4 m OD) consist predominantly of laminated, yellowish 
brown (10YR 5/6), silty clay beds up to 30cm thick (samples 101, 103 in Figure 5.2.28) 
with thinner beds (up to 10 cm) of very fine to medium grained sand (samples 27, 102 
in Figure 5.2.28).  Flaser bedding is developed locally in the some sand beds.  Locally 
scours have been infilled with a poorly sorted, gravelly (flint) sand (sample 25 in Table 
5.2.9) Some beds have been deformed with extensive fragmentation with ragged edges 
to the blocks or folded, sometimes with tension fractures on the fold noses.  
 
Figure 5.2.28. Bramerton, Blake’s Pit. Particle size distribution for sediment samples 
from Subunit 2f (< 2 mm fraction). Sample locations are shown in Figure 5.2.13 and 
summary analyses are in Table 5.2.7. 
 
The middle element (12.4 – 13.1 m OD) consists of a block of laminated silty clay with 
vertical bedding bounded by jumbled fine sands (sample 500 in Figure 5.2.28) 
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containing “ragged” blocks of laminated silty clay in places (Figure 5.2.29).  A horizon 
near the top of this element is marked by erosional scours within which flint gravel or 
fine sands (samples 503, 504 in Figure 5.2.28) are preserved as small lenses. These are 
overlain by undisturbed, laminated silty clay with very thin sand laminae. 
 
 
Figure 5.2.29. Bramerton, Blake’s Pit. Section through vertical dipping silty clay and 
disturbed blocks (on the left) of silty clay in sand in Subunit 2f in Pit 4.  The scale is in 
centimetres. 
 
A thin section was made of the block of laminated silty clay that confirmed the vertical 
bedding and also revealed the bioturbated nature of the unit which was not visible in the 
field section.  In Figure 5.2.30, the predominantly silty clay host sediment can be seen 
to have been ruptured by horizontal and vertical burrows that have an infilling of very 
fine sand.  The fragmented blocky character of this unit was also visible by eye in the 
polished block from which the thin section was made.  The examination of the thin 
section would suggest that the silty clay consists of fine laminations of silt, clay and 
very fine sand with local concentrations of the sand preserved through infilling burrows. 
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The upper element (13.1 – 13.9 m OD) is composed of horizontal, lenticular bedded 
units of laminated silty clay (samples 29, 31 in Figure 5.2.28), muddy sands (samples 
28, 30 in Figure 5.2.28) and very minor, thin beds of very fine grained sand. 
 
 
Figure 5.2.30. Bramerton, Blake’s Pit. Micrograph of thin section through “silty clay” 
showing vertical laminations, and horizontal and vertical bioturbation infilled by sand 
(“1”) and by silt followed by sand (“2”). 
 
The laminated, lenticular and flaser bedding reflect energy fluctuations in the 
environment of deposition and are typical of tidal mud flats (Reineck and Singh, 1975).  
The scouring and deposition of gravel lenses indicates periods of much stronger current 
activity on the tidal flat, probably by waves during storms.  The fragmentation of the 
silty clay beds is probably due to bioturbation on both a large and small scale.  The 
extensive bioturbation of parts of the section may also have contributed to instability in 
the tidal flat sediments leading to bank collapse on the side of, e.g., a tidal channel or 
creek.  The bank collapse caused the folding and the rotation of large blocks of the tidal 
flat sediment seen in the section.  The increase in muddiness of the sands in the upper 
element of the Subunit may reflect the proximity to the turbidity maxima at the head of 
an estuary resulting from the mixing of river water with seawater  (Dalrymple et al., 
1992).  
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Subunit 2g (13.9 – 16.0 m OD) 
 
This Subunit is formed of cross-bedded medium and coarse grained sand with gravel 
overlain by parallel, lenticular and wavy bedded fine and muddy sand (Figures 5.2.17, 
5.2.31). No fossils or evidence of bioturbation were found in this Subunit. 
 
Figure 5.2.31. Bramerton, Blake’s Pit. Particle size distribution for sediment samples 
from Subunit 2g ( < 2 mm fraction). Sample locations are shown in Figure 5.2.13 and 
summary analyses are in Table 5.2.7. 
 
The basal 40 cm consists of asymptotic, tabular cross-bedded unit of poorly sorted 
sandy gravel (sample 32 in Figure 5.2.31) with balls and rounded flakes of silty 
mudstone, particularly at the base. The more gravel-rich zones are strongly iron 
cemented with the development of iron pan nodules. The colour varies from very pale 
brown (10YR 7/4) to reddish yellow (7YR 5/8). The basal cross bedded unit is overlain 
by another tabular cross-bedded, poorly sorted sand unit (sample 35 in Figure 5.2.31) 
containing only occasional flint granules. The cross-bedding in both beds dips in a 
northeastwardly direction (Figure 5.2.17). 
 
The exposure of the interval from 14.7 m to 15.3 m OD (at the top of pit 4) is 
problematic as the overlap between the two trial pits (4 and 4/5) is very small (Figure 
5.2.17 and Figure 5.2.12). The gravelly, medium sand at the top of pit 4 lacked any 
bedding structures and, although weakly cemented, it did not show the strong iron 
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cementation seen in the gravelly sands below in pit 4 and in those at the base of pit 4/5.  
The gravel fraction from this interval in Pit 4 (Sample 54 in Table 5.2.9) had a 
quartzose content of 59% and with a medium grained, sand matrix is similar to the 
gravels that occur in the overlying Unit 3. This interval may in part represent either 
modern disturbed ground or, less likely, the infill of a channel cut into the older 
sediments during the deposition of Unit 3 as sample 508 (Figures 5.2.27 and Table 
5.2.9), taken from pit 4/5 at a higher elevation than the top of pit 4, contained flint rich 
gravel similar to other gravels from Unit 2. 
 
The upper part of the Subunit consists of fining upward trend of wavy, lenticular and 
parallel bedded, medium to fine sands (Samples 507, 505, 506 in Figure 5.2.31), muddy 
sands and silty clay (Figure 5.2.32).  There is no visible evidence for bioturbation. 
 
 
Figure 5.2.32. Bramerton, Blake’s Pit. Section through wavy and parallel bedded sands, 
muddy sands and silty clay near the top of Subunit 2g in Pit 4. 
 
The presence of silty clay mud balls in the cross-bedded, poorly sorted sands and gravel 
at the base suggests that these sediments accumulated as channel lag deposits within a 
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channel within a mixed tidal flat (Oomkens and Terwindt, 1960). The lower beds pass 
vertically upwards into wavy and parallel bedded sands, muddy sands and silty clay 
with bedding structures typical of mixed tidal flat sediments (Reineck and Singh, 1975).  
The lack of bioturbation in the upper sands suggests they probably accumulated fairly 
rapidly. 
 
5.2.2.4.4 Unit 3 (16.0 - ~18.7 m OD)  
 
The base of Unit 3 marks an abrupt upward change to a coarser sequence of cross-
bedded, predominantly medium grained, sands and bimodal sandy gravel with 
occasional thin laminae of silty clay and clay (Figure 5.2.33).  The sediments are non-
calcareous and the sands occasionally contain small amounts of mica whereas the silty 
clay laminae are often micaceous. The sandy gravels have a very high quartzose content 
(40 – 60%, Table 5.2.9). No evidence of bioturbation or fossils was seen in this unit.  
 
Figure 5.2.33. Bramerton, Blake’s Pit. Composite lithological section of Unit 3 and 
palaeocurrents determined from bedding structures. 
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Figure 5.2.34. Bramerton, Blake’s Pit. Particle size distribution for sediment samples 
from Unit 3. Sample locations are shown in Figure 5.2.13 and summary analyses are in 
Tables 5.2.7. and 5.2.8. 
 
The base of the unit is marked by an abrupt change in grain size from the finer 
sediments of Unit 2 to medium grained sand, without visible bedding, with thin beds of 
poorly sorted, iron cemented, horizontally bedded sandy gravel with common indurated 
clasts of silty clay (e.g., samples 36, 37 and 517 (with 18% silt and clay largely from 
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clasts) in Figure 5.2.34).  The gravel component is generally poorly sorted but the sandy 
matrix is moderately well sorted, medium sand, comparable to the sand without gravel 
in the unit.  The colour of the sand varies from very pale brown (10YR 7/4) to reddish 
yellow (7YR 5/8).  
 
The lower part of the unit is succeeded, above 17 m OD, by trough bedded (often seen 
as festoon bedding) and subordinate tabular cross-bedded medium, grained sands with 
occasional laminae of micaceous, silty clay.   Lenses of diamict sands with rounded 
clasts of indurated silty clay and isolated clasts (2-5 cm) of indurated silty clay occur 
sporadically.  In sections perpendicular to the flow direction the trough fills are 
asymmetric and show festoon cross-bedding  (Figure 5.2.35). Individual trough-bedded  
 
 
Figure 5.2.35. Bramerton, Blake’s Pit. Section through festoon trough cross-bedding 
near the base of Unit 3 in Pit 5.  The arrow marks a zone with rounded, indurated silty 
claystone clasts lying on a foreset. 
 
sets can be up to 20 cm in thickness and their bases often truncate wholly or partially up 
to two, preceding cross-bedded sets.   The palaeocurrent direction determined from the 
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bedding structures (trough axes and foresets in tabular sets) is predominantly to the 
northeast with minor components to the northwest and southeast. 
 
The trough bedded sands pass up into a sequence of planar, tabular cross-bedded sands 
up to 40 cm thick.  Small pebbles and granules occur locally on some dip faces of the 
cross-beds.   The sands are predominantly medium grained, but occasionally coarse 
grained, moderately sorted and rounded.   Individual cross-beds generally show no  
 
 
Figure 5.2.36. Bramerton, Blake’s Pit. Section through part of Unit 3 in Pit 6 showing 
planar, tabular cross-bedded sands separated by horizontal gravels.  The arrow marks 
the gravel lag at the base of the channel and the base of Unit 4 at ~ 19m O.D. 
 
significant grading except near the top of the unit (sample 510 in Figure 5.2.34) where 
some sets of predominantly coarse sand do fine upwards. Each set of cross-beds is 
usually separated from the one above by a horizontal thin bed (< 3 cm thick) of sandy 
gravel (Figure 5.2.36 and sample 53 in Figure 5.2.34). The sandy gravel immediately 
below the junction of Units 3 and 4 (sample 510 in Figure 5.2.34) at the base of the 
overlying channel is much coarser than any seen lower down in the unit. A bed of 
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poorly sorted, gravelly sand (20 cm thick, sample 49 in Figure 5.2.34) with 
discontinuous silty clay laminae/beds (< 5 mm thick), occurs in the middle of the unit.   
 
If these sediments were deposited in a fluvial or estuarine channel it is possible to make 
approximations for the minimum water depths under which they formed as the tops of 
the dunes have been eroded.  The thickest single set in the unit is 35cm.  According to 
Allen (1970) this suggests a minimum water depth of 1.75 – 3.5 m and using the 
formula of Leclair and Bridge (2001) it would be 2.1 – 3.5 m. 
 
Thin, erosional, in situ remnants (up to 45cm in length and less than 2 cm thick) of 
horizontally laminated, micaceous, silty clay are preserved very occasionally within the 
sands.  A 25cm thick poorly sorted, gravelly sand bed close to the top of the unit 
(sample 512 in Figure 5.2.34) had a marked upward increase in clay component from 
the bottom to the top, and local irregular, thin patches a few centimetres across of silty 
clay near its top.  An examination of a thin section made from the top of this bed 
showed undisturbed laminae of silty clay and very fine sand with no evidence for soil 
forming processes.  
 
No trace fossils, suggestions of bioturbation, or body fossils were found in this unit.  
Samples were processed and analysed for microfossils (1 sample) or palynomorphs (3 
samples) but all were barren. 
  
Palaeocurrent directions in the upper part of the unit are predominantly between 
northeast and southeast with one record to the southwest.   
 
The texture and cross-bedding indicates that the sand was deposited predominantly from 
saltation as sinuous (trough cross-bedding) and straight (tabular cross-bedding) crested, 
dunes.  The sand fraction of the sandy gravels is very similar in sorting and grain size to 
the gravel free sand beds, which, together with occasional clasts on the foresets within 
sand beds, suggests that, in most cases, the gravels are armoured layers formed by the 
vertical sorting of sand gravel mixes during the migration of the dunes under high flow 
conditions (Kleinhans, 2001).  The lack of any apparent bedding structure within the 
sandy gravel and thicknesses up to more than 20 cm suggest that the armouring is 
probably a composite feature formed from repeated migrations of dunes. 
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The mud clasts in the poorly sorted gravels and sand in lower part of the Unit were 
probably derived locally as they are unlikely to have survived much transport within a 
gravel.  The poor sorting within the gravel containing the mud clasts suggests that these 
beds are formed as a result of bank collapse.  
 
Periods of low flow and deposition from suspension are recorded by the erosional, in 
situ remnants of micaceous silty clay seams.  The upward increase in clay content 
within a sandy gravel bed (sample 512 in Figure 5.2.34) may be due to downward 
percolation of fine sediment during a period of low flow.  The noticeable clay/silt tails 
in some of the sand samples in Figure 5.2.34 was not expected from the field 
observations and are probably the result of dispersed clay illuviation during modern soil 
forming processes. 
 
The cross bedding and coarse grain sizes indicates these sediments accumulated as bars 
with the palaeoflow predominantly to the northeast and southeast. The two palaeoflow 
directions to the northwest and southwest are oblique to the two main directions rather 
than representing reverse flows. There are no unambiguous criteria to establish if these 
deposits are fluvial, estuarine or marine but on balance they are considered to be fluvial. 
The interpretation of the depositional environment will be discussed more fully in 
section 5.2.2.6.1. 
 
5.2.2.4.5 Unit 4 (~18.7 – 23.4m O.D.)  
 
The base of this unit is marked by a sandy gravel-lined, erosional surface that cuts down 
into Unit 3 to a depth of over 1 m.  This is overlain by a sequence of medium to coarse 
tabular and occasional trough, cross-bedded sands with thin beds of structureless, sandy 
gravel (Figure 5.2.37).  A second dipping erosional surface overlain by sandy gravel 
occurs in the middle of the unit. The sandy gravels are bimodal but coarser than those 
from Unit 3, and the main mode is pebble rather than sand, as seen in Unit 3 (Figure 
5.2.38).  The sand matrix with the gravel is medium grained, as in Unit 3, albeit with a 
coarser tail and very similar in sorting and grain size to the adjacent sand beds.  Pebbles 
and granules frequently lie on the foresets of cross-bedded sand. The gravels contain a 
lower proportion of quartzose material than found in Unit 3 (20 – 40%, Table 5.2.9) and 
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are also distinguished by the presence of significant chatter marked flint (10 – 35%). 
The sands occasionally contain small amounts of mica whereas the single, in situ 
remnant of silty clay is micaceous. No evidence of fossils or bioturbation was seen in 
this unit. 
 
 
 
Figure 5.2.37. Bramerton, Blake’s Pit. Composite lithological section of Unit 4 and 
palaeocurrents determined from bedding structures. 
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Figure 5.2.38 Bramerton, Blake’s Pit. Particle size distribution for sediment samples 
from Unit 4. Sample locations are shown in Figure 5.2.13 and summary analyses are in 
Tables 5.2.7. and 5.2.8. 
 
The basal erosional surface dips at  ~20º to the southwest and is lined with a coarse 
sandy gravel which splits into two distinct sandy gravel beds down dip (samples 52 
(upper) and 54 (lower) in Figure 5.2.38) that are separated by sand and sandy gravel.  
Bedding structures were not visible either within the gravel or in the succeeding sands 
exposed in Pit 6.   Close to the lowest point of the erosional surface there was a 20 cm 
thick accumulation of gravel which appeared to have been deposited almost 
simultaneously with the erosion of the underlying sands and gravels as the boundary 
was locally vertical and at the top was overhung by the older sediments (Figure 5.2.39).  
This feature is comparable in form to the “high angle, asymmetric gravel filled scour” 
of Bourgeois and Leithold (1984, Figure 11). The clast composition of a sample taken 
from the lowest point of the basal sandy gravel immediately above the erosional 
junction of Units 3 and 4 (Figure 5.2.37 and sample 51 in Figure 5.2.27) was directly 
comparable to that seen in gravel fractions from Unit 3 and lacked the higher 
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concentration of chatter marked flint that characterizes the gravels of Unit 4. Whereas, 
gravel fractions lying on the same erosional surface at slightly higher elevations (sample 
54) had the distinctive compositional character of Unit 4 gravels. 
 
                                                                                                                                                                                                                                                                                                                                                                                                                                          
Figure 5.2.39. Bramerton, Blake’s Pit.  Erosional surface at base of Unit 4 with gravel 
filled scour at base (immediately to the left of the staff) that undercuts sediments of the 
underlying Unit 3. Note the separate gravel horizons (samples 54 and 52 in Figure 25, 
sample 51 was collected at the lowest point) within Unit 4 that converge up the slope 
(out of shot on left of picture). Southwest corner of Pit 6. 
 
The overlying sequence consists of predominantly tabular cross-bedded sands in sets up 
to 20cm thick and the set thickness decreases upwards as gravel makes up an increasing 
proportion of the sequence.  Sandy gravel is preserved in horizontal beds (sometimes 
with weak indications of possible cross-bedding). Gravel also occurs quite frequently 
within beds of cross-bedded sand.  Occasional lenses of trough cross-bedded sands that 
also erode the preceding beds accompany the decline in thickness of the tabular cross-
bedded sets.  Locally the tabular cross-bedded sets also lie on eroded surfaces and the 
decline in set thickness is probably erosional in part.  There was a single, thin, in situ, 
erosional remnant of a horizontal seam of laminated, micaceous silty clay (sample 63 in 
Figure 5.2.38).  Palaeocurrent directions determined from foresets are predominantly 
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between the northwest and northeast with very minor components to the southeast and 
southwest (Figure 5.2.37).  
 
A second erosional surface dips at ~ 18º to the west and cuts down by up to 80 cm in the 
middle of the unit (Figure 5.2.40).  The surface is lined by a poorly sorted, clast 
supported gravelly sand (sample 62 in Figure 5.2.38) that is ~30 cm thick and contains 
faint indications of cross-bedding dipping in a southeasterly direction.  The high content 
of fines (20%) in this unit may be the result of clay illuviation during modern soil 
forming processes. In the topmost part of the gravel there are local patches of a finer, 
but still poorly sorted, sandy gravel. Above the gravel, are three horizontal sets of 
tabular, cross-bedded, medium grained sands with one thin, horizontal bed (8 cm thick) 
of less, coarse gravel. 
 
Figure 5.2.40. Bramerton, Blake’s Pit. Section through middle part of Unit 4 in Pit 7 
showing horizontal gravels separated by cross-bedded sands and gravelly sands partially 
truncated by dipping erosional surface with thick coarse, rounded gravel lag in the base.  
Arrow at 21.75m O.D. 
 
The upper part of the unit is formed by a 20 cm thick, horizontal bed of poorly sorted, 
sandy gravel (sample 65 in Figure 5.2.38) lacking visible bedding structures, overlain 
by tabular cross-bedded sands (Figure 5.2.41).  Cross-bedded sets are generally about 
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20 cm thick with slightly erosional bases.  Some of the cross-bedded sets contain 
individual cross-beds of very coarse sand and granules. The upper boundary with the 
overlying Unit 5 is planar with no indications of any disruptions to the sediments 
immediately below it although the upper 20cm of sands are redder in colour (5YR 5/8 
yellowish red) than those below. 
 
Palaeocurrent directions determined from foresets in this Unit are between northwest 
and northeast (Figure 5.2.37). 
 
 
Figure 5.2.41. Bramerton, Blake’s Pit. Section showing the boundary (arrow “5”) 
between the massive sandy diamicton of Unit 5 and the underlying cross-bedded sands 
of Unit 4 in pit 8.  Scale in centimetres. 
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As in Unit 3, the texture and cross-bedding within Unit 4 indicates that the sand was 
deposited predominantly as dunes with the gravelly horizons having formed armoured 
layers.  The sloping erosional surfaces and the thickness of the associated gravelly beds, 
indicates that they formed as lag deposits associated with channelized, intermittent, very 
high energy flow regimes.  The dip to the southwest and west of the erosional surfaces 
is consistent with the northeast to northwest palaeocurrent directions determined from 
the cross-bedded sands.  The apparent incorporation of Unit 3 type gravel in the base of 
the channel at the junction with Unit 3 indicates that there was local reworking and re-
deposition at the base of the channel.  The high angle scour associated with this gravel 
indicates that the erosion and subsequent deposition of the gravel and overlying sand 
took place extremely rapidly (Leithold and Bourgois, 1984, Mathers and Zalasiewicz, 
1996).  
 
The overall coarser grain size of the sand and the gravel in this Unit, compared to Unit 
3, and the erosion of the channels indicates that deposition took place in a significantly 
higher energy environment.  However, apart from possibly the channels, there is 
nothing in the bedforms to suggest that the water depth was any greater than in Unit 3.  
The arrival of significant chatter marked flints in the gravels and the change in 
palaeoflow direction from an easterly to northerly direction suggest that the two Units 
are distinct depositional elements and reflect more than a re-organisation of the flow 
patterns within one depositional system.  As in Unit 3 there are no fossils and no 
unambiguous data to indicate if the sediments were laid down in a marine or fluvial 
environment. But they are probably fluvial in origin and the chattermarked flint is 
reworked. 
 
5.2.2.4.6 Unit 5 
 
This unit is formed of a massive, very firm, sandy diamicton with isolated clasts of flint 
and rare, small clasts of Chalk (Figure 5.2.41).  Away from chalk clasts the sediment is 
non-calcareous.  Locally, there are patches with higher clay contents.  Analysis of a 
sequence of thin sections by Holmwood (2005) found clay cutans within the unit which 
suggest that it is probably a till that has undergone a process of decalcification and 
peodgenesis similar to that reported by Rose et al. (1999) in the “Norwich Brickearth”.  
The dominant colour of the sediment is yellowish brown (10YR 5/8).  The upper 15 - 
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25 cm has been variably altered by modern soil processes and a pipe of soil extends 
down a further 50 cm at one point.   
 
The unit was exposed in three pits (9, 10, 11, Figure 5.2.11) further up the slope but the 
base was not seen.  Analysis of thirty clasts near the base of pit 11 yielded a strong 
cluster fabric (Benn, 1994) with a principal eigenvector (V1) of 212° and eigenvalues S1 
= 0.718, S2 = 0.155, S3 = 0.127.  The diamict character of the sediment and its fabric 
indicates deposition as a till, possibly with the primary shear direction towards the 
north-northeast. 
 
5.2.2.5. Clast lithological, heavy mineral analysis and magnetic polarity   
measurements 
 
5.2.2.5.1 Clast lithological analyses 
 
Clast lithological analysis has been important in the identification and correlation of the 
deposits of different river systems and the differentiation and interpretation of the 
evolution of the Early to early Middle Pleistocene river (Thames, Bytham and Ancaster) 
and marine systems (Figure 5.2.1) in and around East Anglia. (Hey, 1965, 1967, 1976, 
1980, 1982; Hey and Brenchley, 1977; Rose and Allen, 1977; Clark and Auton, 1982; 
Bridgland, 1983, 1985, 1988,1994, 1999; Allen, 1984; Hey and Auton, 1988; Hopson 
and Bridge, 1987; Rose, 1989, 1994, 2008, 2009; Green and McGregor, 1990, 1996, 
1999; Rose et al., 1996, 1999a, b, c, 2001, 2002; Whiteman, 1992; Whiteman and Rose, 
1992; Hamblin and Moorlock, 1995; Briant et al., 1999; Lewis et al., 1999; Lee at al., 
2004; 2006; Lee, 2009).  The clast assemblages are composed of flint, derived from the 
local Chalk, and a variety of other far travelled lithologies, notably quartz and quartzite 
and lower concentrations of indicator lithologies such as cherts, igneous and volcanic 
rocks.  The far travelled lithologies have come from a wide area across England and 
Wales (Figure 5.2.42).  The distribution and variation in concentrations have been used 
to identify the existence and the former courses of the rivers and re-arrangements in the 
drainage patterns (e.g., Hey, 1980, Rose and Allen, 1977, Rose et al., 1994, 2001, Rose, 
2009). The course of the early River Thames across Norfolk and Suffolk and its relative 
importance in relation to the Bytham River is still a matter of contention.  Green and 
McGregor (1999) and Parfitt et al. (2010) consider the Thames to be the dominant 
system flowing northwards across Norfolk whereas Rose and colleagues (Lee et al., 
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2006, Rose et al., 1999 a, c, 2001, Rose, 2009) consider that the Bytham system became 
the dominant river and flowed eastwards to the sea with the Thames entering the sea 
further to the south. Late Pliocene and Early Pleistocene marine sediments in East 
Anglia (Red and Norwich Crags) contain very few gravel horizons and these are 
dominated by flint (Hey 1976, Rose et al., 2001).  However, a marked influx of 
quartzose material is recorded in the late Early to early Middle Pleistocene marine 
sediments of the Wroxham Crag and has been interpreted as a response to the increased 
transport of coarse sediment by the surrounding rivers feeding into the shallow marine 
basin (Rose et al., 2001, 2002, Rose, 2009). 
 
Clast recycling can potentially disguise the sediment distribution patterns if not taken 
into account.  Recycling is likely to have occurred in two main ways, reworking of 
clasts from pre-Pleistocene (age) sediments within the river catchment and reworking of 
earlier Pleistocene sediments as a result of regression and transgression in the marine 
environment and rivers reworking earlier marine and river deposits by channel 
migration and incision.  This issue is particularly important for the “indicator” 
lithologies that are generally recorded in low concentrations (< 2 %).  Carboniferous 
cherts are reported in the Triassic (Wills, 1948; Hey, 1976, Thompson, 1970), in the 
Jurassic pebble beds of southern England (Garden, 1987, 1991) and in the Lower 
Cretaceous of the Weald and the Woburn Sands of Bedfordshire and Cambridgeshire 
(Allen, 1961).   Carboniferous cherts can represent between 25 – 36% of the clasts 
found in the Lower Cretaceous Carstone of Norfolk and Lincolnshire (Garden, 1987, 
1991; Versey and Carter, 1926).  Rhaxella chert has been recorded in the Lower 
Cretaceous pebble beds of the Weald (Bridgland, 2000), the Lower Cretaceous, 
Greensand at Woburn, albeit the record is questionable (Kirkaldy, 1947, p. 234) and the 
“basement bed” of the Red Crag near Ipswich (Prestwich, 1871c, p. 476).  Ruffell and 
Garden (1997) record Rhaxella chert from the Lower Greensand of the Isle of Wight but 
concluded that its source was from the Portlandian of Dorset.  Volcanic tuffs and 
rhyolites are reported from the Triassic “Bunter” pebble beds of the Midlands and 
Devon (Campbell Smith, 1963; Thompson, 2000) and the Lower Cretaceous Carstone 
(Versey and Carter, 1926).  Granites, granophyres and a variety of quartz porphyries are 
reported from the Triassic of the Midlands (Campbell Smith, 1963) as well as 
outcropping in the Pre-Cambrian of the Charnwood Forest area, near Leicester.  An 
unusual assortment of igneous lithologies are reported from the Lower Cretaceous, 
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Cambridge Greensand (Hawkes, 1943) but there is some doubt as to their correct 
horizon having been recorded and they may be Pleistocene erratics (Kirkaldy, 1947 p. 
234).  The possibility of recycling these erratics cannot be excluded and, if present, they 
are more likely to occur in the finer gravel fractions and in low concentrations. 
 
 
Figure 5.2.42.  Map of current outcrops (and probable source areas) for main clast 
lithologies found in Early to early Middle Pleistocene sediments in East Anglia. 
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The marine deposits of the Red and Norwich Crag were laid down over a wide area of 
East Anglia from near Bury St Edmunds in the west to south of Colchester and it was it 
was over and through these deposits that the subsequent Pleistocene rivers flowed.  
Within the area of the original marine Crag basin, the low percentage “indicator” 
lithologies of Carboniferous, Rhaxella, and Greensand cherts can be found together 
within fluvial deposits; for example: Stebbing Member of the Sudbury Formation 
deposited by the early Thames near Braintree (Mills, 2004), the sample with the lowest 
elevation in the Bytham River, Kirby Cane Sands and Gravels at Leet Hill (sample1549, 
Rose et al., 1999).  Bridgland (2000) records Rhaxella cherts from Medway gravels 
(with Greensand cherts) south of the Thames and questions whether or not the Rhaxella 
chert could have been derived from Yorkshire and invokes a possible “offshore source” 
(Bridgland, 2000, p. 25).    
 
A ten kilogram sample was taken from each of twenty five beds from the section at 
Bramerton in order to ensure that there was a large number of clast lithological 
descriptions with which to characterize the sediments (Figure 5.2.13).  The 
concentration of the main clasts identified are shown in Tables 5.2.9 and 5.2.10, which 
are organized to show the lithology and the likely age of the rocks from which they are 
derived.  The charts follow the general structure established by Hey (1965) and widely 
used in clast lithological analyses in East Anglia.  However, different clast fractions 
have been used to characterise the Pleistocene gravels of East Anglia: Hey preferred the 
16 - 32 mm fraction, Green and McGregor the 11.2 - 16 mm fraction, whereas Rose and 
Allen (1977 and subsequent papers) have used the 8 - 16 mm and 16 – 32 mm fractions 
as this enabled correlation with Hey’s work and provided a range that contained the 
highest frequencies of far travelled components. McGregor and Green (1986) reviewed 
and discussed the character of the different clast fractions used by workers on the 
Thames gravels. The ratios between different clast lithologies in a sample 
(intercomponent ratios) have been used by several workers to characterise and interpret 
the sediments in East Anglia and the London Basin (McGregor and Green, 1978, 1986; 
Hey, 1980; Green and McGregor, 1986, 1990, 1999; Whiteman, 1992; Whiteman and 
Rose, 1992; Rose et al., 1996, 1999, 2001, 2002; Briant et al., 1999; Lewis et al., 1999; 
Lee et al., 2006; Rose, 2008, 2009;). The intercomponent ratios for gravel samples from 
Bramerton are shown in Table 5.2.11. 
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5.2.2.4.1.1 Lithologies and their provenance. 
 
Flint is the most prevalent clast component in the gravel fractions and is derived from 
the Chalk. Black flint is un-weathered whereas brown has undergone some weathering.  
White and grey flints are probably derived from Yorkshire and Lincolnshire. 
Chattermarked flint is characterised by a surface pitted with small crescentic 
indentations that were formed by the repeated, percussive action of flints being thrown 
against one another, usually by waves on a beach. The chattermarked surfaces of these 
clasts are often well rounded. It is generally considered that the chattermarked flints 
found in Pleistocene sediments have been reworked from the marine Tertiary sediments 
of the London Basin (Hey, 1966, 1967, 1976, Green and McGregor, 1978, Rose et al., 
1999a, Prestwich, 1890).  
 
Vein quartz clasts are usually white or grey in colour and are generally rounded except 
where they have been fractured.  Vein quartz is difficult to characterise and tie to a 
source as it has no distinguishing characteristics but is probably derived mainly from the 
Triassic “Bunter Pebble Beds” of the Midlands and possibly from the Carboniferous 
Millstone Grit of northern England (Hey, 1966, 1980).  
 
Quartzite clasts are also well rounded, except on fractured surfaces, very hard and white 
to grey in colour. Red to purplish coloured quartzite clasts were found in very low 
percentages (< 4%) within the 8-16 mm fraction of some samples and the ratio of white 
and colourless to coloured quartzose clasts averages 36:1, and is always > 10:1.   The 
quartzite clasts in Pre-Anglian sediments have probably been reworked from the 
Triassic “Bunter Pebble Beds” of the Midlands (Salter, 1896; Solomon, 1935; Hey 
1966; Bridgland, 1994; Rose et al., 2001; Rose, 2009).  However, Prestwich (1871c, 
1890) and Harmer (1910a) also considered that Belgium could have been a source of the 
quartzite.  
 
A distinctive, hard sandstone occurs within many of the gravels at Bramerton.  The 
clasts of this white to grey sandstone often have a smooth polished exterior but break to 
reveal a sucrosic texture from which individual grains can be separated.  The external 
surface of these clasts is often pitted with pores the size of large pinheads.  When 
examined in thin section, the sand grains had silica overgrowths in optical continuity 
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with the sand grains.  Where the overgrowths touched adjacent grains the boundary 
between them was normally straight.  In most samples there was little or no visible 
porosity but small clumps of clay and some feldspars in the process of breaking down to 
clay occurred within the quartz framework.  It would appear that the sandstone was 
originally feldspathic and the pores on the outer surface are where the soft, degraded 
feldspars have fallen or weathered out.  The hard sandstone was probably derived from 
the Triassic ‘Bunter Pebble Beds” and for this reason is included in the “quartzose” 
category in the discussion of the gravels. 
 
Cherts of several types were encountered.  Distinctive Carboniferous chert is mid to 
dark brown in colour has a blocky form with generally rounded edges and casts and 
impressions of crinoid ossicles are often visible. These cherts are thought to be derived 
from outcrops of Carboniferous Limestone in northern England and possibly South 
Wales (Hey, 1976). Greensand cherts tend to be lighter coloured than Carboniferous 
cherts and are characterised by needle like sponge spicules or botryoidal forms or traces 
of glauconite .  These cherts are derived from outcrops to the south of the current River 
Thames (Hey, 1976, Bridgland, 1986).   Rhaxella chert is a distinctive lithology being 
composed of the remains of closely packed micro-globular sponge spicules within a 
chert matrix (Wilson, 1938).  Rhaxella chert clasts often have a noticeably low density 
and are generally dark grey in colour, but can vary though to light grey.   These cherts 
are Oxfordian in age and have been attributed to limited outcrops in the Howardian 
Hills in Yorkshire (Hey, 1976).    A number of other cherts that could not be readily tied 
to a source bed were also recorded.   These ranged in colour from white through grey to 
black, sometimes with a non-specific fossiliferous content and are probably derived 
from Carboniferous rocks (J. Rose, personal communication). 
 
A variety of other lithologies occur in very minor quantities and only occasionally, 
notably phosphate nodules, phosphatised bone and bored Chalk belemnite rostrums in 
the Unit 2.  Balson (1980) concluded that similar phosphate nodules found in the Red 
Crag in Suffolk were derived from the Eocene London Clay and this is also the most 
likely source for those found at Bramerton. Chalk clasts were absent in most samples 
and where present were very scarce (≤ 2 clasts per sample). Very rare (1 or 2 per 
sample) igneous clasts occurred sporadically in Units 3 and 4 and ranged from dolerite 
to non-specific acid igneous and occasional volcanic and darker basic rocks.  No 
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examples of the distinctive green rhyolites and tuffs that have been recorded from 
Thames gravels and from Catton (north of Norwich) by Hey and Brenchley (1977) and 
Green et al. (1980) that are presumed to come from the Lower Palaeozoic of North 
Wales, were recorded.  The quartzose rich sample from the Unit 2 (B2000) contained a 
wider range of minor constituents than any other gravel.  These included 3% phosphate 
nodules and phosphatised sands (reworked from the Tertiary?), calcareous oolites (1%, 
probably Jurassic), pieces of tufa with root holes, laminated mudstones as well as traces 
of Rhaxella, Greensand, Carboniferous and other non specific cherts. Numerous, 
probably contemporary, gastropod shells were also found at this level (and immediately 
above) but are not included in the tabulated data.  
 
5.2.2.4.1.2.  Statistical limits to accuracy of clast samples. 
 
A clast sample is a representative of a larger population and its accuracy in reflecting 
the composition of the total population is primarily a function of two variables: sample 
size and the heterogeneity of the different clast types within the sediment.  
 
The uncertainties resulting from sample size are referred to as sampling error.  A 
binomial frequency distribution is the appropriate model for determining the confidence 
levels for clast frequencies in a fixed sample size where the true probability of a 
particular clast occurring lies between 0.1 and 0.9.  Where the true probability is less 
than 0.1 or more than 0.9 then a Poisson frequency distribution is more appropriate 
(Hubert, 1971).  Bridgland (1986, his Figure 1) illustrates the 95% confidence limits for 
an observed frequency of clasts within different sample sizes.  For sample sizes above 
300 the accuracy improves only minimally for large increases in sample size, e.g., 
where a lithology forms 50% of sample of 300 clasts the actual range in the population 
would be between 44.2 and 55.8%, at the 95% confidence level, whereas with a sample 
of 1000 clasts this range is only reduced to 46.8 - 53.2%.  The sampling error is more 
problematic for lower frequencies where at an observed frequency of 5%, the 95% 
confidence limits are 2.5 to 7.5% for samples of 300 and 3.7 to 6.3% for samples of 
1000.   
 
Multiple, random samples are needed in order to establish the heterogeneity of a unit or 
horizon. The opportunity to evaluate this variable is often not available, for example in 
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trial pits, and the issue is rarely addressed in publications. Most of the early published 
records by Hey and Green and McGregor relied on single samples from individual 
locations. Later work by Rose and co-workers addressed this issue by analyzing 
multiple samples within a unit. The interpretation of clasts with low frequencies of 
occurrence (< 10%) can be problematic as the presence or absence of a clast may be a 
function of the heterogeneity of a sedimentary unit and the sampling error (Hubert, 
1971).  Rose et al. (2000, p. 217) have recorded an important example of this problem 
from Leet Hill where only after several years work at the site did they discover 
“abundant large, angular clasts of far-travelled rocks” in the Kirby Cane sands and 
gravels laid down by the Bytham River. 
 
5.2.2.4.1.3. Clast lithological units at Bramerton 
 
Flint and quartzose components are the two dominant clast groups in the 8 – 16mm 
fraction of gravels from Bramerton.  The boundaries of these two groups are marked on 
Figure 5.2.43 by vertical blue and red lines, respectively.  The sequence of the gravels 
readily falls into three units based on variations in the concentration of these major 
components and these also correspond with the three lithological units (Units 2 – 4) 
described in section 3.   
 
The lower unit (Unit 2) is, with one exception, characterised by very high proportions of 
ordinary and chattermarked flint (87-97% in the 8-16 mm fraction).  The exception is a 
gravel lag at the base of the channel in lithological Subunit 2c (sample B2000) that 
contains significant quartzose material (25% in the 8-16 mm fraction).  Although 
gravels at higher levels in this unit had high flint contents (sample B2001), a variety of 
far travelled lithologies (low rank coal, Jurassic ammonite, Cretaceous belemnite have 
also been recorded within it (section 5.2.2.4.3, Subunit 2c).  All the Unit 2 gravels 
contained significant quantities of Quaternary shells but these are excluded from the 
analyses as they usually broke readily on washing or sieving.   
 
The middle unit gravels (Unit 3) are characterised by very high percentages of quartzose 
material in both the 8-16 mm (54-71%) and 16-32 mm fractions (30-78%) and 
occasionally even in the > 32 mm fraction. The percentage of flints is much lower than 
 254 
either of the other two units (26 – 37% in the 8 – 16 mm fraction) and also contains 
proportionally less chattermarked flint. Rose et al.’s (2002) sample from Bramerton 
Common Pit (Br C 0.5m) had a very high quartzose content and absence of chatter 
marked flint and was probably taken from the small outcrop of Unit 3 at the very top of 
that pit. 
 
The upper unit gravels (Unit 4) are characterised by lower, but still significant, 
proportions of quartzose material (26-53% in the 8-16 mm fraction) and a higher 
proportion of flint (37-74% in the 8-16 mm fraction) than the middle group (Unit 3).  
The increase in the flint in Unit 4 is associated with a marked increase in the proportion 
of chattermarked flint in all size fractions. The quartzose and chatter marked flint 
content of Rose et al.’s (2002) sample from Bramerton Blakes Pit (Br B 4m) indicates it 
was probably taken from Unit 4.  
 
Carboniferous chert is the only other lithology that occurs in significant quantities (up to 
7.6% in the 8-16 mm fraction).  It occurs almost ubiquitously in Units 3 and 4, and 
occasionally in Unit 2, in the 8-16mm fraction, with a slight tendency to occur more 
frequently and more abundantly in the Unit 3. The distinctive Rhaxella and Greensand 
cherts also occur at various points in all three Units but without any discernible pattern 
and in very low quantities (< 2%).  
 
The samples from Bramerton provide an opportunity to examine the variation in the 
composition of Early Pleistocene, post Norwich Crag gravels at one location with a 
large number of samples at different stratigraphic levels and to test some of the 
assumptions behind other workers’ interpretation of their data. Rose and colleagues 
have used differences in the percentages of key lithologies in the gravels for the 
stratigraphic sub-division of the Crags and the variations have been interpreted as 
reflecting stages in the re-organisation of the river systems and marine recycling of 
fluvial deposits (Lee et al., 2006, Rose et al. 2001, Rose, 2009).  Intercomponent ratios 
using single clast fractions (Green and McGregor, 1986, McGregor and Green, 1986) 
and clast signatures using all clast fractions (Moffat, 1986) have been used in the 
analysis of fluvial gravels to discriminate different stratigraphic units and for drainage 
reconstructions. 
 
 255 
The comparison of different studies in East Anglia has been hampered by the use of 
different clast size fractions by different workers (e.g. Green and McGregor and 
Bridgland used 11.2 - 16 mm fraction and Hey and Bridgland used 16 – 32mm).  
Therefore the 8 – 16 mm fraction was subdivided into 8 - 11.2 and 11.2 - 16 mm 
fractions for further study.  The bivariate plot of the percentages of the major far 
travelled components in these two fractions from Units 3 and 4 (Figure 5.2.44) indicated 
that the smaller fraction had noticeably more quartz and significantly less chattermarked 
flint, proportionally, than the larger fraction.  Thus it is not safe to compare data derived 
from 8 – 16 mm fractions with that derived from 11.2 – 16 mm fractions, especially for 
variations in the ratio of flint to quartzose material as there can be either significant, or 
no, variation between the ratios from the different clast sizes (see Table 5.2.11) within 
one unit. 
Figure 5.2.44. Bramerton, Blake’s Pit: Bivariate plot of the main “far travelled” 
components in the 8 - 11.2 and 11.2 – 16 mm gravel fractions for Units 3 and 4. The 
values are expressed as a percentage of the total sample. 
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A number of graphical analyses have been applied to the components of the gravels to 
establish if the variations recorded reflect differences in provenenance, process or 
sediment heterogeneity and form an adequate basis for discrimination. There is 
variability in the composition of the quartzose components of the gravels from Units 3 
and 4.  However, almost all of the samples from the different fractions from both Units 
fall in the same overlapping area on the ternary plot (Figure 5.2.45) such that the units 
cannot be discriminated and no differences in the provenance or recycling history of the 
quartzose material found in both units can be inferred.  However, the tendency for 
quartz to form a higher percentage in the smallest clast fraction (8 – 11.2 mm) is visible 
and quartzite tends to form a higher percentage in the largest clast fraction (16 – 32 
mm) 
 
Figure 5.2.45.  Bramerton: Ternary plot of the quartzose elements in different gravel 
fractions for Units 3 and 4 (quartz + quartzite + hard sandstone = 100%) 
 
The proportions of chattermarked flint, non-chattermarked flint and quartzose 
components do distinguish the gravels of Unit 3 and 4 (Figure 5.2.46). The gravels from 
Unit 3 are characterised by a higher quartzose content than those of Unit 4 in all three 
size fractions. All fractions from both units show a tendency towards increasing 
percentages of chattermarked flint with increasing clast size, but particularly in Unit 4.  
However, only in the 8 – 11.2 fraction do the samples from the two Units plot in clearly 
separate fields. In the 11.2 – 16mm fraction the two Units maintain a separate identity 
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but the envelopes around the points on the graph are bigger and they converge on one 
another at the edges.  In the coarsest fraction (16-32mm), the samples from Unit 3 are in 
two very distinct areas of the graph with samples B508 and B51 lying close to the Unit 
4 cloud.   
 
Figure 5.2.46. Bramerton: Ternary plot of the principal components for different gravel 
fractions of Units 3 and 4 (Quartzose + chattermarked flint + non-chattermarked flint = 
100%).  Only samples where n ≥ 50 are used for 16 – 32mm fraction. 
 
The gravels of Unit 4 are generally coarser than those of Unit 3 (Table 5.2.8) and their 
composition is also distinguished by a higher concentration of chattermarked flint. In 
Figure 5.2.46, Sample B800 forms an outlier from other Unit 4 gravels owing to a 
noticeably lower chattermarked flint concentration and it is also a markedly finer gravel 
than the one immediately below it, which lines a channel (B62, Figure 5.2.43) in the 
middle of Unit 4.  Within Unit 3, the two coarsest gravels, B508 and B51 (Table 5.2.8, 
5.2.43) also have a markedly higher chattermarked flint content in each of the clast 
fractions than other Unit 3 gravels. These data suggest that there may be a correlation 
between the coarseness of the gravel and the chattermarked flint composition in Units 3 
and 4.  To evaluate this possibility the mean size (by weight) of the total gravel fraction 
for each sample from Units 3 and 4 was plotted against the percentage of vein quartz 
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and various intercomponent ratios of the 8 – 16mm size fraction (Figure 5.2.47). There 
are trends within the data in three cases. 
 
 
Figure 5.2.47. Bramerton, Blake’s Pit: Bivariate plots of the mean size, by weight, of 
the gravel fraction (> 2mm) against the percentage of quartz and some intercomponent 
ratios derived from the 8 -16 mm fractions of gravels in Units 3 and 4. 
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The percentage of vein quartz tends to decrease as the mean size of the gravel increases 
(Figure 5.2.47A), but the correlation coefficient (R2) is only 0.35 for the combined data.  
This trend is to be expected as it mirrors the trend seen in the relative increase in quartz 
in finer fractions of a single sample and may reflect a smaller mean size for clasts 
entering the depositional system than that of the other main components.  However 
more work would be required to support or refute this assumption.   
 
The ratio of chattermarked flint: non-chattermarked flint (Figure 5.2.47B) is positively 
correlated with the mean size of the gravel and has a correlation coefficient (R2) of 
0.63.  This is the only plot in which the data ranges from both units overlap. The 
chattermarked flint is more likely to retain its shape and surface texture with the lower 
degree of transport, erosion or reworking that is to be expected in coarser gravels, 
especially if they have undergone more than one cycle of erosion and deposition.   
 
The ratio of chattermarked flint:total quartzose (Figure 5.2.47C) also shows a positive 
correlation with the mean size of the gravel but a fairly weak correlation coefficient 
(R2) of 0.48.  However the fields of the data for the two units do not overlap.  The trend 
is probably due, as in the previous case, to the greater propensity for chattermarked flint 
to lose its character with greater transport. Each Unit plots in a distinct field on the 
bivariate plot of total flint to total quartzose components (Figure 5.2.47D) and there are 
no strong trends related to mean clast size.  The lack of a trend related to mean clast size 
suggests that the proportion of total flint is likely to be a more reliable discriminator of 
gravels than just the proportion of chattermarked flint (in the 8 – 16 mm fraction) which 
does appear to be influenced by the mean clast size of the gravel.  These results should 
be taken as provisional interpretations, as they are based on a relatively small set of 
data, and will need to be confirmed by a greater number of analyses over a wider 
geographic and stratigraphic range. 
 
The three Units each have a distinct clast lithological character based on the differences 
in the proportion of flint to quartzose components of their gravel fractions.  However, 
Units 3 and 4 are not clearly statistically distinct from one another.  The influx of 
significant quantities of quartzose material at the base of Unit 3 represents either a 
change in depositional environment or change in sediment supply.  The presence of a 
significant quartzose material in a basal channel lag with Unit 2 suggests that the 
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increase in quartzose components from Unit 2 to Unit 3 may represent a change in 
depositional environment. The similarity in the composition of the quartzose 
components in Units 3 and 4 indicates that the same quartzose sediment sources 
operated in the same relative proportions during the deposition of these two Units.  The 
higher percentage of flint and the increased proportion of chattermarked flint in Unit 4 
compared to Unit 3 suggest that the supply of flint to the depositional system increased 
at that time.  The increase in chattermarked flint would suggest that it was a significant 
contributor to the increased supply of flint, however, it might be that this increase is 
also, to some extent, an apparent increase and is a function of the coarseness of the 
gravels, and therefore energy, in the system in Unit 4.   
 
5.2.2.5.2 Heavy mineral analysis 
 
The very fine sand fraction (63 - 125µm) of 23 samples were analysed for heavy 
mineral composition. The results are shown in Table 5.2.12 and the main components 
are shown graphically in Figure 5.2.48.   Owing to the author’s colour blindness, Dr J. 
Lee of the BGS identified and counted the minerals in samples prepared by the author.  
The relatively low proportion of non-opaque grains in each sample reduced the number 
of grains for analysis to a relatively low level.  Therefore, the individual sample results 
can have low statistical significance (see discussion on sample size in section on clast 
lithology analysis). However, the consistency of the general composition for the 
samples within the units recognised in the lithology description and the clast lithology 
analysis suggests that the combination of individual sample results gives a reasonable 
representation of the heavy mineral character of the sedimentary units.  
 
5.2.2.4.2.1.  Constraints on interpretation of sediment sources 
 
The entrainment, transportation and settling of heavy minerals is a complex process in 
marine and fluvial environments on account of the different densities and grain shapes 
of the minerals involved (Hassan, 1976; Frihy, 1994, 2007; Frihy and Komar, 1991, 
1993; Komar, 2007; Komar and Wang 1984; Morton and Hallsworth, 1999). Frihy 
(2007) found that mineral suites varied in both the onshore and offshore directions as 
well as along the shore. The effects of hydraulic sorting on the character of the heavy 
mineral suites is minimised, but not eliminated, by using a narrow size range for
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analysis: 62 – 125 µm in this study. The Garnet Zircon index (G:Zi =100 x % garnet/(% 
garnet + % zircon)) can indicate different sediment sources as it is less susceptible to 
hydraulic sorting because the two minerals are hydraulically similar (Morton and 
Hallsworth, 1994) and these two minerals are present in sufficient quantities in the 
sediments at Bramerton to give meaning to the ratio. A heavy:light heavy mineral (H:L) 
ratio is a potential indicator of hydraulic sorting as amphibole (hornblende), pyroxene 
(augite), and epidote can be more easily entrained and transported further than the 
denser garnet and zircon in marine environments (Komar and Wang, 1984; Frihy, 1994; 
Frihy et al., 1995). The ratio of heavy, heavy minerals (in this study, SG >3.6, 
predominantly zircon, garnet and rutile) to light heavy minerals (SG < 3.6, 
predominantly pyroxene, epidote, amphibole and tourmaline) for each sample are also 
shown in Figure 5.2.48.  
 
Comparison of the G:Zi ratio with the modal grain size of the fraction less than 2 mm 
for each sample (Figure 5.2.49) reveals that it is largely independent of the coarseness 
of the sediment, except possibly in unit HM6, and suggests that the differences result 
from sediment supply rather than hydraulic sorting. 
 
 
Figure 5.2.49.  Bramerton: bivariate plot of the Garnet:Zircon index against the modal 
grain size of the sand fraction (< 2 mm) for each sample in the different HM units. 
 
 
In contrast, the ratio of heavy to light, heavy minerals (Figures 9) has a tendency 
towards an increase in the H:L ratio with increasing grain size within all the samples. 
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This suggests that the composition of the heavy mineral assemblages is affected by 
hydraulic sorting.  
 
 
Figure 5.2.50.  Bramerton: bivariate plot of the Heavy:Light, heavy mineral ratio 
against the modal grain size of the sand fraction (< 2 mm) for each sample in the 
different HM units. 
 
The heavy minerals in the sediments at Bramerton are unlikely to have been buried to 
any considerable depth and subjected to the destructive diagenetic processes discussed 
by Morton and Hallsworth (2007).  However, Bateman and Catt (2007) have illustrated 
that similar and often significant, but unpredictable, modifications of heavy mineral 
assemblages can occur at a shallow depth as a result of acid pedogenic processes. The 
alteration of the till in Unit 5 at the top of the section, the iron pan concretions at a 
number of levels around the top of lithological Unit 2 and the low percentage of non 
opaque heavy minerals (i.e., high authigenic iron mineral content) suggest that the 
heavy minerals may have been subjected to post depositional alteration. It is worth 
noting that the three heavy minerals most resistant to acid leaching, tourmaline, zircon 
and rutile (Morton, 1985), are most abundant in the top unit HM 7 but pyroxene, which 
is also one of the most susceptible minerals is also present, albeit in progressively lower 
concentrations upwards.  However, sample 513 from HM 7 (Figure 5.2.48) is the most 
deeply buried sample below the current land surface in this unit and has no pyroxene 
and indicates that there is no simple diagenetic alteration trend indicated by variations in 
the concentration of pyroxene    The presence of significant olivine (2 - 10%) and 
pyroxene (22 - 24%) in the samples below the level of iron pan cemented gravel in Unit 
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2 (Unit HM 4 in Table 5.2.12, samples B28, B500) suggests that the heavy mineral 
assemblage from this zone is probably untouched by alterations from groundwater.  
There may have been some post depositional alteration of the heavy minerals suites but 
the widespread presence of pyroxene suggests that its effects are not large and that the 
differences in the heavy mineral suites are predominantly the result of sedimentary, 
rather than pedological, processes. 
 
Hubert (1971) discusses the several sources of error that can be introduced in the field 
sampling and laboratory processing of heavy minerals and concludes that only minerals 
with concentrations over 10% have significant interpretative value. 
 
5.2.2.4.2.2. Description of heavy mineral units. 
 
The heavy mineral suites at Bramerton are dominated by a limited number of minerals 
that are generally present throughout the section and can have concentrations exceeding 
10%: amphibole, epidote, garnet, zircon, pyroxene, tourmaline and rutile. The section 
has been divided into 7 units, HM1 to HM7 (Figure 5.2.48), on the basis of the heavy 
mineral suites, the H:L heavy minerals ratio and the G:Zi.  
 
A bivariate plot of the G:Zi versus the ratio of heavy to light heavy minerals (Figure 
5.2.50) shows that heavy mineral assemblages for the HM units fall in different fields, 
albeit with some overlap between units HM 6 and HM 3, and HM 7 and HM 2. The 
variation in the H:L ratio is much greater than the variation in the G:Zi  for most of the 
units (i.e. the data for each unit plot in horizontally elongated envelopes in Figure 
5.2.51) reflecting hydraulic sorting. However, the relationship of the H:L ratio with the 
modal grain size of the sediment (Figure 5.2.50) in which the heavy mineral assemblage 
was finally deposited is not completely linear.  This pattern may indicate several phases 
of transport or sediment reworking of the heavy minerals and/or reflect the limited data 
set.  The concepts developed here will require further validation from a wider 
geographic and stratigraphic range than it has been possible to examine at Bramerton.  
None-the-less these results indicate that caution needs to be applied when comparing 
relative proportions of different minerals without considering the potential for hydraulic 
sorting. 
 
 266 
 
 
Figure 5.2.51. Bramerton: Bivariate plot of heavy heavy: light heavy mineral ration 
versus the garnet:zircon index of Morton and Hallsworth (1997) for each of the samples 
classified by Heavy Mineral Unit (see Figure 5.2.48). 
 
The lowest unit (HM 1) is characterised by a low G:Zi and a relatively low H:L ratio 
(which reflects the 50% pyroxene, amphibole and epidote) and plots close to unit HM 4 
(Figure 5.2.51) but has some similarities to unit HM 3.  Unit HM 2 is distinguished 
from HM 3 by very low G:Zi index reflecting the 35 – 41% of zircon in the unit and on 
Figure 5.2.50 plots very closely to the values for HM7. Unit HM 3 has an average G:Zi 
of 55, a fluctuating H:L ratio reflecting, principally, the variation in the amphibole 
concentration and the possibility of the influence of hydraulic sorting of the heavy 
minerals. Sample B18 is noteworthy because of the presence of the very unstable 
mineral olivine (1.6%). The values for unit HM 3 on Figure 5.2.49 plot within a large 
envelope but only overlap with part of the unit HM 6 envelope.  Unit HM 4 is 
distinguished by the very low H:L ratio which reflects the high percentage of 
amphibole, epidote and, particularly, pyroxene (>20%) and the presence of olivine in 
both samples and falls in the same area of the graph in Figure 5.2.49  as unit HM 1.  
Both units HM 1 and HM 4 are taken from amongst the finest deposits in the section 
that, based on lithology (Section 3), have been interpreted as tidal flats.  Unit HM 5 is 
distinguished by a very high garnet content which gives the highest G:Zi in the section 
and the H:L ratio is closer to units HM 6 and HM 7.  On Figure 5.2.51 the data from this 
unit plots in an area remote from the other units.  Unit HM 6 has a G:Zi of 35 – 50 
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which is comparable to unit HM 3 but is distinguished from it by a slightly higher H:L 
ratio reflecting the lower concentration of amphibole, epidote and pyroxene and an 
increase in rutile.  The wide range of H:L ratio in unit HM 6 also indicates that 
hydraulic sorting may be important. The data from this unit plot in an extended 
envelope that, at one end overlaps with the unit HM 3 envelope.  Unit HM 7 is 
characterised by a very low G:Zi and a consistently high H:L ratio on account of the 
low percentages of pyroxene, amphibole and epidote. The data plot in a distinct field on 
Figure 5.2.50 but overlaps partially with unit HM 2.  However, the two units are 
distinguished by the higher ratio of epidote to amphibole in unit HM 7 than in unit HM 
2. The ratio of epidote to amphibole + pyroxene is significantly higher in units HM 5, 6 
and 7 than in the underlying units.  This may be due to different sediment sources but 
may also be reflecting post depositional alteration, as amphibole and pyroxene are less 
stable than epidote (Mange and Maurer, 1992). 
 
The boundaries of the heavy mineral units HM 6 and 7 correspond with those of Units 3 
and 4 identified on the basis of sedimentological and clast lithology analysis.  However 
the heavy minerals in units HM 2, 3, 4, and 5 suggest that there were variations in the 
sediment supply that would not have been picked up on sedimentological or clast 
lithology criteria.  Unit HM 2 corresponds to lithological subunit 2a and the presence of 
significant zircon in this unit may reflect the winnowing and reworking of the sediment 
interpreted from the lithofacies. Unit HM 3 encompasses the part of the section 
determined by Funnell et al. (1979) to reflect a transition from a temperate to cold 
climate.  It is surprising that if this transition occurred in this interval it is not more 
marked in the heavy mineral assemblage.  However, the appearance of very unstable 
olivine in sample B18 and in the overlying unit HM 4 is extremely unusual for the 
Crags. Unit HM 5 is quite distinct from the other units in Figure 5.2.50 although the 
high H:L ratio and the relative proportions of epidote and amphibole (Figure 5.2.48) 
suggests it has more similarity with the overlying unit HM 6 than any other. Unit HM 5 
was deposited on a tidal flat and the similarity between it and the overlying unit 
suggests that they may be genetically linked rather than separated by a hiatus or 
unconformity.  Moreover, the similarity in the G:Zi of units HM3 and HM 6 suggests a 
common source area and that the differences between them may be the result of 
hydraulic sorting. 
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5.2.2.4.2.3. Heavy Mineral Provenances. 
 
The possible sources of the Crag sediments in East Anglia, including those at 
Bramerton, and their relation to fluvial systems are discussed in more detail in the later 
Section 6.2.3.  Like many Crag sequences, the sediments at Bramerton contain a 
significant and persistent percentage of the relatively unstable heavy minerals, 
amphibole, epidote and pyroxene, for which there is no obvious outcrop source to the 
west (Lee et al., 2004, 2006; Lee, 2009) that could have supplied the Early Pleistocene 
river systems (Figure 5.2.52). Other possible sources for the heavy minerals include the 
British Palaeogene sediments, particularly the Thanet Formation, London Clay, Bagshot 
and Claygate Beds (Morton, 1982a; Hallsworth in Moorlock et al., 2000, p.35), 
Scandinavia (Burger in Gibbard et al., 1991) or glacial influences (Lee, personal 
communication). The fluvial deposits of the Eridanos and Early Pleistocene Rhine 
(Schwarz, 1996; Boenigk and Frechen, 2006) river systems contain similar heavy 
mineral assemblages to those in Bramerton, and other Crag sequences, and these river 
systems are the most likely source of the sands and the heavy mineral assemblages 
(Section 6.2.3).  
 
 
 
Figure 5.2.52. Geological map showing the provenance of clast and heavy mineral 
lithologies commonly found in East Anglia.  Superimposed upon this is the preglacial 
drainage and approximate position of the coast line (Figure 5 from Lee, 2009) 
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Lee (personal communication) considers that the olivine in HM 4 reflects deposition 
from a glacial source, probably icebergs, which could correspond with the upward 
cooling trend seen in the fauna reported by Funnell et al. (1979).  Lee also suggests that 
the concentration of olivine may be the result of hydrodynamic sorting leading to 
preferential deposition of lighter minerals in low energy environments.  The low H:L 
ratio and the interpretation of the sediments as tidal flat deposits would support his 
interpretation. However, when the heavy minerals assemblages from Bramerton are 
compared with the data presented in Lee et al. (2006) (Figure 5.2.53) the Bramerton 
HM units cut across the fields characterised as glaciofluvial, outwash and Bytham plus 
outwash.  The implication of Lee’s model is that the Bramerton sediments, particularly 
the type section for the Norwich Crag sediments (HM1 to 5) contain a strong 
glaciofluvial outwash signal and HM 7 plots closest to, but not within the Bytham 
envelope.  Alternatively, and more likely, the elevated concentrations of relatively 
unstable minerals recorded by Lee et al. (2004, 2006) and Lee (2009) in Bytham and 
glaciofluvial sediments reflects the reworking and hydrodynamic sorting of locally 
derived Crag sediments rather than a purely glacial signal.  
 
 
Figure 5.2.53. Graphical representation of percentage of the heavy mineral composition 
of shallow marine, fluvial and glacial outwash samples from Early to early Middle 
Pleistocene sediments in northern East Anglia (From Lee et al., 2006).  The data from 
Bramerton are superimposed for comparison. 
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This study has indicated that the interpretation of heavy mineral assemblages in the 
Pleistocene of East Anglia is unlikely to be straightforward, not least because of the 
effects of reworking and post depositional alteration.  Understanding the correlation and 
depositional history of heavy mineral assemblages in the Pleistocene sediments requires 
extensive analyses of a large number of samples from a large number of widely 
distributed sequences and possible source areas.  Such analyses should consider the 
geochemistry and possible source areas for individual mineral species, the physical and 
chemical alteration of mineral species to evaluate post-depositional diagenetic 
alteration, the relationship of the mineral assemblages to sediment fabric and to 
depositional environments to evaluate hydrodynamic sorting.   
 
5.2.2.5.3 Magnetic polarity measurements 
 
Thirty seven samples were taken for magnetic polarity determination in silty clay beds 
throughout the section and sent to Professor René Barendregt at The University of 
Lethbridge for measurement (Figure 5.2.13).  Unfortunately, all samples failed to 
contain a reliable signal for palaeomagnetic polarity determination. Obtaining reliable 
palaeomagnetic signals from sediments of this age is challenging on account of the lack 
of adequate magnetic carrier material (Maher and Hallam, 2005b).     
 
5.2.2.6 Synthesis and Conclusions  
 
5.2.2.6.1 Synthesis 
 
This section brings together and synthesises the sedimentological interpretation, clast 
lithology analysis and heavy mineral data for the four Units described in the previous 
sections with published data. A summary of the data and synthesis of the interpretation 
are provided in Figure 5.2.54. The two lowest Units (1 and 2) consist predominantly of 
marine sands with shells and equate with the Norwich Crag. The upper two units (3 and 
4) are composed of sands and quartzose gravels without fossils and are probably fluvial 
in origin. The interpretation of sediment sources, climatic signals and changes in sea 
level will also be discussed for each Unit. The section will conclude with a summary of 
the key findings that will impact on interpreting the regional geological and 
palaeoenvironmental history.  
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Unit 1:  Unit 1 is 55 cm thick and consists of large flints at the base overlain by 
bioturbated grey silty clay and minor fine sand. The base of the sequence records both a 
transgression and erosion of the underlying Chalk (a time gap of more than 60 million 
years). The basal flints, known locally as the “Stone bed”, represents a remanié deposit 
lying on an eroded Chalk surface.  The bed contains Eocene phosphatic nodules and, at 
other locations around Norwich, has been associated with most of the large vertebrate 
fossils recovered from the Norwich Crag (Reid, 1890). The flints were progressively 
buried within a tidal mudflat that was extensively bioturbated, suggesting slow 
deposition.  The sea transgressed across a Chalk surface at Bramerton that was not 
planar but had local changes in elevation of up to 5 m (Funnell et al., 1979 compared 
with Taylor, 1824b, and Gunn in Woodward and Newton, 1891). The structure map of 
the top of the Chalk (Figure 5.2.2) indicates a sculpted surface in the area around 
Norwich. The top of the Chalk at Caistor St Edmund (4.5 km to the west) is at least 12m 
higher than at Bramerton (Figure 5.2.2) with a marked change in gradient between the 
two pits. 
 
Unit 2: Unit 2 consists of a sequence of shell beds, cross-bedded sands and interbedded 
sands, muddy sands and silty clays and has been subdivided into eight Subunits (a-h). 
The Unit was deposited under a tide-dominated regime and such regimes usually 
produce sedimentary sequences with a complex geometry, as they are records of 
channel migrations and infills (Dalrymple and Choi, 2007).  At Bramerton there is a 
general fining upward trend in the mixed tidal flat/channel infill deposits that also 
contains coarser, shelly, basal channel sediments deposited on local erosion surfaces. 
The palaeocurrents for Unit 2 reflect the compound nature of the unit but there is a 
noticeable northeast – southwest bimodality that would suggest the dominant tidal 
directions.  
 
The low faunal diversity and thin shells of the molluscs (Funnell et al., 1979) and the 
presence of freshwater and terrestrial molluscs and vertebrates in shell beds indicates 
the proximity to a shoreline and an estuarine (lower salinity) environment. The 
depositional environment probably created a fragmented temporal record as 
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depositional rates and the extent of intermittent erosion are difficult to determine. The 
absence of significant bioturbation in many of the finer grained deposits suggests that 
they were deposited rapidly and may well indicate abandoned channel fill rather than 
mixed flats and, therefore, could represent extremely short periods of time (Oost, 1995). 
The presence of large paired bivalves, some originally from deeper water, in the shell 
bed in Subunit 2e and the frequent gravel stringers within the finer grained sediments at 
the base of Subunit 2f may reflect the influence of higher energy wave action scouring 
and redistributing sediment.  The higher energy wave influences may be response to 
storms and reflect the colder climate indicated by the molluscs (e.g. Serripes 
groenlandicus) in Subunit 2e.  
 
Previous work on the fauna from Bramerton has indicated that Subunit 2a contains both 
Red Crag and older fossils (Funnell et al., 1979, Cambridge, 1975), and vole teeth of 
possibly different ages (Mayhew and Stuart, 1986) and is also reminiscent of the basal 
Crag sediments recorded in the Ormesby borehole (Harland et al., 1991) (see Figure 
5.2.5 for location).  Reworking of older sediments is typical of basal sediments in 
transgressions and this caused the markedly lower G:Zi in Unit 1 and Subunit 2a (HM1 
and HM2) compared to the beds above (HM3). 
 
Modern work on thanatocoenoses in shell beds has indicated that they can provide a 
reasonable record of the faunal communities in the area although the mechanism of 
concentration will determine the palaeontological fidelity and resolution (Kidwell, 
1991, Kidwell and Bosence, 1991).  The quality of the palaeoenvironmental signal in 
shell beds within tidal deposits is likely to vary considerably depending on a variety of 
factors: the area of erosion and transportation of contemporary communities, the erosion 
and redeposition of quasi contemporary and older shell beds exposed during channel 
migrations (Greensmith and Tucker, 1969, Kidwell, 1991), the period over which the 
deposit accumulated, the strength of the currents and the size of the channel itself. The 
shelly, tidal channel lags at Bramerton contain fossils from a wide range of 
environments from sub-littoral to freshwater/terrestrial and from muddy to rocky 
bottom surfaces (Funnell et al., 1979).  These assemblages are clearly the result of 
erosion and mixing and so the fidelity and resolution of their palaeoenvironmental 
signal is compromised. The terrestrial and freshwater fauna recovered from the channel 
lags probably originates from creeks and channels draining onto the flats.  The data used 
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by Funnell et al. (1979) from Blake’s Pit to record the shift from a temperate to a cold 
phase (Bramertonian to Pre-Pastonian) relies heavily on a single pollen sample, from 
within the channel lag deposit of Subunit 2c, but their argument was substantiated by a 
“cooling trend” seen in the foraminifera and molluscs in the nearby and thicker, 
Common Pit section.  The various descriptions of the “upper shell bed” at Bramerton 
Common (e.g., Taylor, 1866a, Funnell et al., 1979) indicate that Subunit 2e in Blake’s 
Pit, which contains sub-arctic and large molluscs, is similar, if not necessarily 
correlative, with it and the two beds also occur at about the same level OD.  The 
“cooling trend” seen in the fauna from Common Pit can therefore be projected on to the 
section examined at Blake’s Pit. 
 
There are possibly three sources for the diverse heavy mineral assemblages that are 
dominated by garnet, epidote and amphibole and found in Units 1 and 2; erosion of the 
Palaeogene sediments, the Early Pleistocene Eridanos and proto-Rhine river systems or 
glacial sources. The pervasive presence of garnet, epidote and amphibole throughout the 
Crag and in the Early Pleistocene deltaic deposits of the North Sea and the absence of 
data for a nearby glacial margin at that time make a glacial source much less likely than 
the other two possibilities. The high mixed tidal flat sediments of Subunit 2f are 
characterised by a very high percentage of the relatively unstable heavy minerals 
(pyroxene, amphibole and epidote, HM4) and the presence of olivine. Apart from 
olivine, the same suite of relatively unstable minerals is also seen in the sediments 
below (HM3, although olivine was also recorded from a sample at the top of Subunit 
2d).  Olivine is highly unstable and its presence suggests limited transport or reworking 
and rapid burial.   Olivine is derived from basic igneous rocks and has not been reported 
in the Eocene tuffaceous sands (Morton and Knox, 1990) or other Palaeogene sediments 
(Morton, 1982a). Other sources are in Scotland, Scandinavia or possibly the Ardennes 
and the Ordovician lamprophyres around Nuneaton. The types of heavy minerals in 
HM4 and HM3, apart from olivine, are very similar and so a common source might be 
anticipated. However, HM 4 has a very low G:Zi that suggests that it may not be 
derived from the Eocene tuffaceous sands, as garnet is a major component of the 
Eocene heavy mineral assemblages. The Palaeogene sediments lie beneath and to the 
south of the Crag basin and Eocene tuffaceous sands form the northeast – southwest 
trending Hales Ridge at the base of the Crag, a few miles to the east (Figure 4.17; 
Arthurton et al., 1994, p. 27). Although the Palaeogene sediments contain a similar 
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heavy mineral assemblage (Morton, 1982a) they are an unlikely source for the volume 
of the sands in the Crag. The heavy mineral assemblages of the Eridanos and proto-
Rhine system are, like those at Bramerton, dominated by garnet, epidote and amphibole 
(Schwartz, 1996; Boenigk and Frechen, 2006) and are the most likely source for the 
sand.  The bulk of Unit 2 has a very consistent heavy mineral suite (HM3 in Figure 
5.2.54) and the narrow G:Zi range suggests a relatively constant sediment source during 
its deposition and nothing to reflect the significant environmental change postulated by 
Funnell et al. (1979) at the base of Subunit 2c, or even 2e. 
 
The tidal deposits of Subunit 2g contain flint-rich gravels but a notably different heavy 
mineral suite from the rest of Unit 2.    The very high in G:Zi reflects the large 
percentage of garnet in the sediments and there is a notable drop-off in the percentage of 
less stable heavy minerals. The sands and gravels in this unit are notably cemented with 
iron pan concretions and other authors (Lyell, 1839, Taylor, 1865, Woodward, 1881) 
have reported a similar phenomenon in the sand and gravel above a horizon referred to 
as the “Chillesford Clay” (comparable with Subunit 2f) nearby at Whitlingham and 
Thorpe (Figure 5.2.2) and they have also recorded casts of marine shells within the 
concretions.   However, no evidence of fossils was found at Bramerton. The underlying 
Subunit 2f appears to have acted as an aquitard and it may be that the lower percentage 
of less stable heavy minerals in Subunit 2g, as compared to the underlying units, is the 
result of partial removal of the minerals by chemical action.  Alternatively, the H:L ratio 
could be signalling the influence of another sediment source or possibly the reworking 
of sediments belonging to the lower Subunits.   
 
The clast lithologies are overwhelmingly flint and nearly all of which is either 
weathered or chattermarked.  The original source for the flint is the Chalk and the 
chattermarked flint could be reworked from older Tertiary sediments or formed on 
Pleistocene beaches as the sea transgressed across the eroded chalk surface.  The 
proportion of quartzose clasts in the gravels is occasionally slightly higher than 
recorded in Norwich Crag sediments elsewhere (Rose et al., 2001) and the variety of 
exotic clasts and the unusually high quartzose content recovered from the gravel lag at 
the base of Subunit 2c is enigmatic.  One possible source of these clasts was marine 
reworking of local fluvial gravels that reflect the onset of the major re-organisation of 
the river systems in response to climatic forcing (Rose et al., 2001; Rose, 2009, 2010) 
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although this interpretation is inconsistent with the heavy mineral assemblages of the 
sands containing the clasts. Far travelled clasts (quartz, quartzite, Greensand and 
Rhaxella cherts, Jurassic fossils, igneous rocks) are also recorded from older basement 
beds of, and within, the Red Crag of southeast Suffolk (Double, 1924; Boswell, 1927). 
The probable sources are reworking of older Tertiary beds (since removed regionally), 
or by littoral drift of clasts derived from outcrops to the north or from the river systems 
on the eastern side of the southern North Sea (Section 6.2.3).   
 
The clast lithological data from Bramerton are plotted on the bivariate plots presented 
by Rose et al. (2001) (Figure 5.2.56) to characterize the lithological properties of the 
pre-glacial formations in East Anglia.  The gravel compositions of the Norwich Crag at 
Bramerton are very similar to those that characterize the Dobbs Plantation Member of 
the Wroxham Crag on both plots. The high quartzose gravel from the base of Subunit 2c 
plots within the ranges of all the fluvial gravels as well as the How Hill and Mundesley 
Members of the Wroxham Crag.  After a review of the specimens of M. balthica 
identified by Cambridge (1979) from a section a Dobbs Plantation, Norton (in Riches et 
al., 2008) concluded that they had not been identified correctly.  It therefore seems 
likely that the type site for the Dobbs Plantation Member may actually be part of the 
Norwich Crag. 
 
Although Funnell et al. (1979) originally dated Unit 1 and the lower part of Unit 2 as 
Bramertonian and the upper part as pre-Pastonian, Funnell (in Gibbard et al., 1991) 
subsequently considered that the Bramertonian and Antian were equivalent or partially 
equivalent.  As discussed in Chapter Three, the pollen-based stratigraphy is highly 
suspect because of the fragmented records that contribute to the synthetic sequence and 
doubts about the chronological interpretation of pollen data.   Kuhlmann et al. (2006a,b) 
conducted detailed studies of several wells in the northern part of the Dutch offshore 
sector in a much more distal part of the basin. They were not able to identify the 
equivalent different British, onshore pollen-based stages with any accuracy.  However, 
they did describe an interval that they equated partially with the Antian/Bramertonian 
which was characterised by an upward cooling trend, which became Arctic at the top, 
but there were also several warm pulses within it.  They also recognised at least three 
erosional surfaces or reworked horizons within this interval.   All of which suggests that 
the equivalent age sediments at the margins of the basin could be expected to have 
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complex sequences with many dis- or unconformities.  It is possible that the major shell 
beds with lags in Unit 2 could represent such unconformities but as they are within a 
tidal sequence they are just as likely to reflect channel migrations within an aggrading, 
broadly contemporaneous sequence. 
 
The complex facies arrangements within tidal sediments make it difficult to interpret 
palaeo-waterdepths from a single vertical sequence.  However, water depth was 
probably at a maximum during the deposition of the tidal channel sands of Subunit 2b 
as the rest of the sequence appears to be an aggradation of tidal mixed flat and channels 
that filled an accommodation space created by either subsidence or a rise in sea level. 
The cooling trend seen in the fossil assemblages of this Unit would suggest that 
deposition might be accompanied by a glacio-eustatic fall in sea level, possibly on 
several occasions. It is unlikely that a 14 m thickness of tidal flat sediments could 
accumulate in both warm and cool climatic phases without some subsidence to provide 
the necessary accommodation space.  
 
Unit 3: This unit consists of cross bedded sands and quartzose gravels. The very high 
percentage of quartzose clasts in the gravel fractions of Unit 3 indicates that there had 
been a significant change in the supply of coarse sediment and the change in the H:L 
ratio of the heavy minerals may reflect reworking of sediments derived from Unit 2.  
The G:Zi index for Unit 3 is very similar to that for the heavy mineral zone HM 3 of 
Unit 2 and the difference in the H:L ratio suggests that the sand fraction in Unit 3 may 
have been reworked from Unit 2 and undergone more winnowing. The absence of 
fossils, bioturbation, sedimentary structures diagnostic of fluvial, tidal or wave action 
and the limited lateral exposure to establish the architecture of the sedimentary elements 
makes interpretation of the depositional environments of Units 3 (and Unit 4) 
problematic. There are three sources for gravel in marine deposits: erosion of 
underlying sediments; erosion of sea cliffs and short, high gradient streams (Bourgeois 
and Leithold, 1984, Hart and Plint, 1995, Clifton, 2003). Gravels are rarely transported 
directly into the marine environment below wave base and, in the marine environment; 
their movement is controlled mainly by wave action, although their formation is still 
poorly understood (Bourgeois and Leithold, 1984, Hart and Plint, 1995, Clifton, 2003, 
Dashtgard and Gingras, 2007). If the sediments were deposited in a marine 
environment, the presence of silty clay laminae and silty clay clasts in the lower part of 
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Unit 3 suggests that deposition within an estuary is more likely than on an open shelf.  
Tidal currents are only likely to be effective in moving sediments in estuaries or tidal 
channels (Reading and Collinson, 1996).  The main alternatives for the depositional 
environment of the subaqueous dunes that form Unit 3 are an outer estuary bar or a 
braided river bar because of their coarse grain size. The two weak indications of 
possible reverse flow directions and the regular set size in the upper part of Unit 3 
suggest an outer estuary bar (Dalrymple and Choi, 2007) and, if this were the case, the 
gravel fraction would have been derived from older fluvial deposits being reworked 
landward during a transgression (Bourgeois and Leithold, 1984, Hart and Plint, 1995, 
Clifton, 2003). However, Dalrymple and Choi (2007) caution against the over-
interpretation of tidal deposits on the basis of a few, scattered pseudo-tidal features 
(which can include: reverse flow indicators; drapes; and, alternating fine and coarse 
laminae) as these features can also occur in fluvial sediments.  Therefore, the 
introduction to the sequence of highly quartzose gravel derived from the Midlands, the 
residual, silty clay laminae, the lack of evidence for wave action and the predominant 
eastwards palaeocurrent indications (i.e., seawards or parallel to the coast (Funnell, 
1996a) make deposition by a river seem more likely. Unit 3 is interpreted as having 
been deposited in a braided river system flowing eastwards which derived the sand e 
from the erosion by reworking older Pleistocene tidal and marine sands locally (as 
indicated by the similar G:Zi index) although the high percentage of quartzose pebbles 
in the gravel indicates a new source, possibly from the Bunter of the Midlands.  
 
In the Norwich memoir, Woodward (1881) records a number of locations in the area 
with shells, or more usually shell casts, in gravels that he attributes to the “Upper Crag”.  
Whilst some of the gravels are described as containing quartz, the quantities would not 
appear, from the lack of emphasis, to be comparable to Unit 3 with its distinctive 
quartzose content.  Most of Woodward’s records are in the Bure valley and are probably 
comparable to the gravels assigned by Rose et al. (2001) to the Dobbs Plantation 
Member. The Unit 3 gravel is also similar to that described at Chapel Hill by Read et al. 
(2007) from their from Unit 2. In Figure 5.2.56 the data from Unit 3 are plotted on the 
bivariate plots used by Rose et al. (2001) to help define their preglacial 
lithostratigraphic units.  On the plot of quartzose material against flint, Unit 3 falls 
closest to the extreme values for the Bytham Catchment Group but on comparison of 
coloured to white and colourless quartzose material it is closest to, but is quite distinct 
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from, the Sudbury Formation of the Thames Catchment Group. This suggests that it 
does not correlate with any identified formations or members and was probably laid 
down along a previously unrecognized, cold stage river course draining from the  
 
 
 
Figure 5.2.55. Possible route of early Bytham river through Norwich (red dot on map). 
The better known, later course of the Bytham across East Anglia (dashed blue line) was 
probably adopted as the result of river capture. Map based on that in Rose et al. (2001). 
 
 
Midlands across the Chalk analogous to the Bytham and Letchworth Rivers (Smith and 
Rose, 1997) albeit the white and colourless quartzose clasts may reflect extended 
exposure to surface weathering, comparable to that in the Sudbury Formation of the 
Thames (Hey, 1965).  The river may have been an early precursor of the Bytham, before 
moving southwards owing to river capture as shown in Figure 5.2.55. 
 
Unit 4: This unit consists of cross bedded sands and quartzose gravels and lacks any 
biological records.  The gravels are distinguished from those in Unit 3 by a lower 
quartzose and higher chatter marked flint content.  The gravels in Unit 4 are coarser 
than in Unit 3 and two incised channels, lined with gravel, indicate that the energy of 
the sytem was notably greater than in Unit 3, at least at times.  The general palaeoflow 
has moved by about 90° to a more northerly direction (between northwest and 
northeast). The sedimentary structures of the sands and gravels, as in Unit 3, do not 
provide unambiguous criteria for the depositional environment, however they are also 
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considered to have formed in a cold stage, braided river system for similar reasons. The 
presence of significant chattermarked flints in Unit 4 implies that an additional source 
(compared to Unit 3) is feeding the system.  The likely sources for the chattermarked 
flint lie to the south; Palaeogene pebble beds, Westleton beds or other Early Pleistocene 
beach deposits or older Thames terraces. The very low G:Zi of the sands suggests that 
they are derived from a new source and contain a lower contribution from or much 
greater reworking of local sands derived from Unit 2 than was the case in Unit 3.  Low 
G:Zi values have been recorded in the data for the Kesgrave Sand and Gravel and 
Norwich Crag in Essex (Rose et al., 1985a,  Mills, 2005) and this may indicate that sand 
supplied transported by the rivers draining the Midlands was a more important source 
than the reworking of the underlying marine sediment. The change in palaeocurrent 
directions, bedforms and texture of the sediments from Unit 3 suggests that Unit 4 
reflected higher fluvial discharge in response to higher run-off and may not belong to 
the same depositional cycle as Unit 3. 
 
The clast lithology data from Unit 4 fall in an area on the flint:quartzose cross plot 
(Figure 5.2.56) within which seven of the ten stratigraphic units identified occur. On the 
coloured:white/colourless cross plot the data overlap the Sudbury Formation and the 
How Hill Member of the Wroxham Crag.  Clast lithological analysis does not enable the 
gravels of Unit 4 to be unambiguously placed within the stratigraphic scheme of Rose et 
al. (2001).  Numerous authors have recorded quartzose gravels in the area around 
Norwich (Table 5.2) and the stratigraphic position ofthis Unit is discussed within the 
broder context in the subsequent section 5.2.4.3. 
 
5.2.2.6.2 Conclusions and implications 
 
Units 1 and 2 - Norwich Crag. 
 
The exposure of the type site of the Norwich Crag, in Blake’s Pit and in the adjacent 
trial pits, can be divided into two units (1 and 2) and seven subunits. The Norwich Crag 
has a complex geometry with multiple erosion surfaces resulting from deposition as a 
channelized, tidal flat sequence.  This could explain earlier authors’ inconsistent records 
of the sequences from Bramerton and other pits in the Crag around Norwich. 
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The sequence records an initial transgression with the subsequent aggradation of a 
mixed tidal flat sequence with channel deposits that are associated with faunal evidence 
for cooling towards the top of the sequence.  
 
Syndepositional subsidence was probably necessary to provide the accommodation 
space for the 14 m thickness of tidal sediments to accumulate, especially during a 
cooling phase when a glacioeustatic fall in sea level would have been likely. 
 
The current mean sea level has been assumed to be close to any historic maximum in 
the Pleistocene (Funnell, 1995).  As Units 1 and 2 lie above the present day mean sea 
level they have probably been uplifted since deposition. The timing of this uplift is not 
clear.  However, the Middle Pleistocene interglacial marine horizon identified by Read 
et al. (2007) at an elevation of over 23 m OD at Chapel Hill (7.5 km to the west, Figure 
5.2.2) sets an upper limit on the timing of the uplift. 
 
Macrofossils are concentrated in shell beds that formed as channel lags and there is 
evidence of reworking of sediments of different ages at the base of the section. The 
shell assemblages in the higher shell beds are derived from a variety of shallow marine 
or intertidal environments and may also contain reworked components. Future work on 
the assemblages should include a systematic evaluation of the extent of fragmentation, 
reworking and possible transportation of each component of the fauna before 
interpreting the data as a representation of the contemporary environment. 
 
The presence of sub-arctic molluscs within Subunit 2e supports the cooling trend in the 
Mollusca and foraminifera seen at Bramerton Common nearby by Funnell et al. (1979). 
However, the single sample of “cold stage” pollen described by Funnell et al. (1979) 
from the tidal channel lag of Subunit 2c in Blake’s Pit cannot be relied on because of 
the potential reworking of sediments in a channelized tidal sequence. More detailed, 
palaeontological work on the macro and microfauna and flora integrated with the 
sedimentological data may provide better insights to the palaeoclimatic changes 
recorded at Bramerton. 
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The presence of significant percentages of relatively unstable heavy minerals 
(amphibole, epidote and pyroxene) in the sands cannot be readily explained by sediment 
transported by rivers flowing from the area of the Midlands into the Crag basin.  The 
most likely sources of these minerals and the sands are the Eridanos and proto-Rhine 
river systems on the east side of the southern North Sea basin. Local erosion of 
Palaeogene sediments, especially the tuffaceous intervals, within and around the basin 
are another, but less likely source.  
 
The quartzose content of the gravels in the Norwich Crag at Bramerton is similar to that 
described for the Dobbs Plantation Member of the Wroxham Crag in its type site. 
Owing to this similarity, and because the record of the bivalve Macoma balthica in the 
sediments is incorrect, it is proposed that the sediments of Dobbs Plantation Member 
are part of the Norwich, rather than the Wroxham Crag. 
 
A wide variety of far-travelled clasts can occur within the Norwich Crag and the 
quartzose content reached 25% in the 8 – 16 mm fraction within a gravel lag in Subunit 
2c.  The source of the far travelled clasts is enigmatic as the heavy mineral assemblages 
of the sands with which they are associated do not appear to have been derived from the 
Midlands, the conventional source for the quartzite clasts.  Far-travelled clasts (quartz, 
quartzite, Greensand and Rhaxella cherts, Jurassic fossils, igneous rocks) are also 
recorded from the older basement beds of, and within, the Red Crag of southeast 
Suffolk (Double, 1924; Boswell, 1927). The quartzose content of the gravel lag at the 
base of the channel is compatible with the How Hill Member of the Wroxham Crag 
Formation but is not correlated with it.   
 
The variation in the quartzose content within gravels in the Norwich Crag indicates that 
correlations of gravel units elsewhere based on single samples are unlikely to be 
reliable. 
 
Unit 3 
 
Unit 3 is composed of cross-bedded sands and gravels with a distinctive, very high, 
colourless, quartzose component (50 – 70%) and is not readily correlated with any other 
gravel sequence. 
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The sands and gravels were deposited by an early River Bytham flowing eastwards 
through the Norwich area before it migrated to its more familiar course to the south, 
probably as a result of river capture (Figure 5.2.55).  
 
Unit 4 
 
The cross-bedded sands and gravels of Unit 4 are distinguished from the underlying unit 
by coarser gravels with a lower quartzose content (25 – 50%) and a significant 
component of chattermarked flints (up to 37%).  The clast composition is not readily 
correlated with other previously recognised, stratigraphic units. 
 
Unit 4 sediments were deposited from a higher energy river system than those of Unit 3 
that flowed, locally at least, in a more northerly direction. 
 
The relationship of Unit 4 to Unit 3 is not clear but they probably represent different 
stages in the development of the early Bytham River flowing through Norwich. 
 
Methodological and conceptual issues 
 
The range of values for the ratio of quartzose material to flint within Pleistocene 
lithostratigraphic units and the overlap of data sets from different units is becoming 
significant as more data accumulates (Figure 5.2.56).  
 
There are indications that the proportion of quartz or chattermarked flint found within a 
single gravel fraction can be related to the mean size of the entire gravel.  This suggests 
that there may be differential sorting of the components of gravel depending on the 
energy of the system.  Therefore the mean clast size of the gravel should always be 
considered when comparing data from the same size fraction of different gravels.  
 
Quartz:quartite ratios vary significantly within one deposit and are also sensitive to the 
clast fraction used.  In addition, the relationship may also be influenced by the mean 
size of the gravel.  
 
 285 
The heterogeneity of clasts assemblages within a single deposit, the influence of the 
coarseness of the gravel on the clast composition of a given fraction and the fluctuation 
in the quartzose content of gravels overtime suggests that correlations of units based on 
single gravel samples are unlikely to be reliable.  Multiple samples of ~ 300 clasts (in a 
single size fraction) are more likely to establish the character of a single gravel bed than 
increasing the size of a single sample. 
 
Hydraulic sorting needs to be considered when making correlations and comparisons of 
heavy mineral assemblages. The use of ratios of hydraulically similar minerals, e.g., 
G:Zi index, may prove helpful in making regional comparisons and interpretations. An 
additional complication in heavy mineral suites is potential acid groundwater leaching 
of the less stable elements.  
 
The use of heavy mineral assemblages for the reliable correlation and interpretation of 
the depositional history of Early Pleistocene sediments in East Anglia will require a 
larger and more consistent body of data than currently exists. An adequate data set for 
interpretation will require extensive analyses of a large number of samples from a large 
number of widely distributed sequences, and from possible source areas.  Such analyses 
should consider the geochemistry to identify the possible source areas for individual 
mineral species, the physical and chemical alteration of mineral species to evaluate 
post-depositional diagenetic alteration, and the relationship of the mineral assemblages 
to sediment fabric and to depositional environments to evaluate hydrodynamic sorting 
and reworking.  
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5.2.3. Caistor St Edmund Pit 
 
5.2.3.1 Introduction 
 
The Caistor St Edmund pit is located 4 km southeast of Norwich (Figure 5.2.57) and 
contains a complex Quaternary sequence overlying Chalk (Postma and Hodgson, 1988) 
and it is close to the western limits of the Norwich Crag (Nickless, 1971).   
 
The quarry has been designated a Site of Special Scientific Interest because it contains 
the best exposure of the Upper Campanian, Beeston Chalk Formation (Peake and 
Hancock, 1961; Wood, 1988; Mortimore et al., 2001) and is famous for its large flints, 
known as potstones or paramoudras. The River Tas, to the west of the pit, overlies a 
deeply incised valley within the Chalk that extends down to -35 m OD and has been 
infilled with till, gravels, sands, clay and peat (Cox, 1985a).   
 
The sequence described by Postma and Hodgson (1988) is shown in Figure 5.2.58, and 
the location of their sections in Figure 5.2.59.   Their lithological units and 
interpretation of depositional environments are summarised in Table 5.2.13. The Crag 
deposits (Units B to G) record a transgressive, gravel-rich shoreface sequence beneath 
sands, muds and gravels laid down in marine, channelized and tidal channel deposits. 
The erosion at the base of Unit D was taken to indicate a drop in sea level. Within the 
Crag sequence, the flint gravel lag deposit of Unit E sits on a quarry-wide erosion 
surface that can be used as a datum at around 19.6m OD (Figure 5.2.58).  The extensive 
channelling at the base and within each of the Crag units leads to a complex geometry 
in which there are significant lateral variations in thickness and facies. Unit H contained 
very quartzose gravels and was correlated with the Kesgrave Sands and Gravels and the 
high clay content within the upper part of the gravel was considered to be of possibly 
pedogenic origin.  Funnell et al (1979, p. 516) also referred to a reddened horizon at the 
top of quartz-quartzite gravels similar to Kesgrave Sands and Gravels at Caistor. 
Anglian glaciofluvial and glacial sediments form the upper part of the sequence (Units I 
to L). 
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Figure 5.2.58.  Sections of the Quaternary sequence in Caistor St Edmund Pit circa. 
1988. For the location of sections, see Figure 5.2.59 and for description of units, see 
Table 5.2.13. From Postma and Hodgson, 1988, Figures 51 and 52. 
 
 
 
Figure 5.2.59. Map of Caistor St Edmund pit (grey area) showing locations of sections 
A and B of Postma and Hodgson (1988) in Figure 5.2.58. (since removed by quarrying).  
The numbered stars refer to locations discussed in the text. 
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Anglian glacial and glaciofluvial deposits 
 
Unit L – Diamicton with flint and chalk clasts. Lodgement till. 
Unit K – Massive tabular cross bedded and even laminated sands with scattered 
pebbles, locally deformed. Possibly sub-glacial waterlain deposition 
Unit J – deformed mud and sand and gravel clasts embedded in clay matrix. 
Formed by slumping or debris flow. 
Unit I – Tabular and cross-bedded sands, frequently chalky. Deposited in a 
broad, topographically unconstrained, shallow, fluvial environment. 
 
Kesgrave Sands and Gravels 
 
Unit H – Horizontally and cross bedded sands and fine gravels (10% flint 
pebbles) with high mud content (5%) in upper 55cm. Possible pedogenic 
origin for clay enrichment. Deposited in braided fluvial channels. 
 
Crag 
 
Unit G – Large channels with infill of channel lag (gravel, clay clasts and 
boulders), horizontally stratified pebbly sand (with 12% non flint clasts), 
herring bone cross bedded sands with clay drapes and wavy and 
lenticular bedding. Deposited in inter-tidal or sub-tidal channels. 
Unit F – Large scale sand waves and smaller scale cross bedded sands with 
some mud drapes. Deposited in sub-tidal channels 
Unit E – Sub-horizontal, quarry wide, erosion platform covered with flint gravel 
lag. Formed by wave erosion. 
Unit D – Channels at least 1.5 m deep and a few tens of metres wide with thin 
basal gravel lag deposit, overlain by clay layers and an upper part of 
cross stratified sands or gravels with clay layers. Formed in response to a 
significant fall in sea level. 
Unit C – Bimodal pebbly sands, occasionally stratified, in lenses or in wedge 
shaped bars.  Shoreface deposits, possibly transgressive with wave 
processes dominant. 
Unit B – lag gravel of flint boulders with foraminifera and shelly sands 
 
Major Unconformity 
 
Unit A – Chalk 
 
Table 5.2.13. Summarized description of the units and the depositional environments 
described by Postma and Hodgson (1988) for the Quaternary sequence in the Caistor St 
Edmund Pit (See Figure 5.2.58 and 5.2.59). 
 
The rounded, flint gravels in the lower part of the section (probably Units B to E) have 
been correlated with the Westleton Beds by Green and McGregor (1999) and Sinclair 
(1999) (Table 5.2.14).  Cox et al. (1989) suggested that the rounded flints represented a 
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former coastline whereas Postma and Hodgson (1988) saw no evidence of foreshore or 
beach gravels.  
 
Postma and Hodgson (1988) provided no information on the sample size or fraction 
used in their determinations of gravel composition. Gravels with a relatively high 
quartzose content have also been recorded from the pit and attributed to the Kesgrave 
Sands and Gravels by Hey (1980), Bristow (1983) and Rose et al. (1996) and, to the 
Bytham and Thames/Bytham gravels by Green and McGregor (1999) (Table 5.2.14) 
although these authors provided no stratigraphic context for the location of their 
samples within the pit.  Hallam (1995) also analysed the clast lithologies of gravels 
from intervals he assigned to Postma and Hodgson’s (1988) Units G and H (Table 
5.2.14).  Hamblin and Moorlock (1995, p. 21) considered that the quartzose gravels 
recorded by Hey were associated with  chalky sands and formed part of the Corton 
Formation and not part of the Kesgrave Sand and Gravels.   However, Funnell (1996b) 
suggested that they had confused the gravels in the Anglian Unit I with those of Unit H.   
Cox and Nickless (1972, p. 86) recorded a bioturbated fine sand, lake deposit that was 
underlain by cryoturbated sands, gravels and clays, but did not provide a stratigraphic 
context. Cox et al. (1989, p. 16) interpreted the gravels, probably equivalent to Unit C, 
as being deposited by braided streams under conditions of permafrost. Thus, many 
interpretations have been published about the sedimentology and stratigraphy of the 
sites, and clearly there is a case for attempting to resolve the confusion. 
 
Hallam (1995, p. 185) recorded a good quality normal palaeomagnetic signal in thick 
clays that he considered belonged to Unit G of Postma and Hodgson (1988). However, 
the data presented in Maher and Hallam (2005a) implied that the signal from Hallam’s 
samples from this interval was not considered reliable. 
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Palaeontological data from Caistor St Edmund are very limited.   Postma and Hodgson 
(1988) and Hodgson (1989) recorded foraminifera (dominantly Elphidiella hannai), intertidal 
and subtidal molluscs and a significant number freshwater molluscs from the shelly sands of 
Unit B, casts of shells in Unit C, bioturbation in Units D (Skolithos ichnofacies) and F, and 
locally abundant organic debris in Unit G.  
 
Postma and Hodgson (1988, Figure 51) suggested that the lower part of the section (Units B, 
C and D) was of ‘Pre-Pastonian a’ age.  Subsequently, Hodgson (1989, p. 398) considered 
that the foraminifera assemblage from Unit B represented a condensed sequence that 
correlated with the warm stage deposits seen in the basal 6 m or more of the section at 
Bramerton.   She also correlated the flint gravels of Unit C with the Westleton Beds. Funnell 
(1996b) suggested that Postma and Hodgson’s (1988) attribution of pollen biozone based 
stage names to the pre-Anglian sediments should be disregarded. 
 
The purpose of this study was to collect lithostratigraphic data, tied to Postma and Hodgson’s 
stratigraphy, in order to correlate the sequence at Caistor St Edmund with Bramerton (this 
study) and Chapel Hill (Read et al., 2007), all of which are close to the western margin of the 
Crag Basin. 
 
 
5.2.3.2 Description of the currently exposed sections 
 
 
Whilst the Chalk is still actively quarried, the Quaternary sediments are no longer worked. 
The margins of the quarry have been terraced and the quarry faces have been graded such 
that there are very limited and isolated exposures of in situ sediments. However, intermittent 
exposures of the lower part of the Quaternary section are visible in the northeast part of the 
quarry alongside a former trackway on top of the Chalk (Figure 5.2.60; Locations 1 – 3 in 
Figure 5.2.59).  
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Figure 5.2.60. Caistor St Edmund. View of the Quaternary section, looking southeast along 
the northeastern edge of the pit from just south of Location 1 on Figure 5.2.59.  The top of 
the Chalk is approximately 75 cm below the track. The tips of the arrows mark the position of 
the extensive gravel lag of Unit E of Postma and Hodgson (1988).  The Buddleia bushes tend 
to grow where silty clay channel infills are developed within the underlying Unit D. 
 
There has been quite extensive re-distribution of excavated, and probably washed  and 
sieved, sand and gravel around the edges of the quarry. Exposures of the Anglian sediments 
are visible in the east of the quarry on the terrace level above and to the south of Location 2 
on Figure 5.2.59 but these are not part of this study. 
 
Two sections were exposed (1 and 2 on Figure 5.2.59) and are shown in Figures 5.2.61, 
5.2.62 and 5.2.63.  The results of particle size analysis, heavy mineral analysis and clast 
lithology analysis are shown in Figures 5.2.64, 5.2.65 and Tables 5.2.15, 5.2.16 and 5.2.3.17. 
Heavy mineral determinations and counts were performed by Dr J. Lee of the BGS. 
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Figure 5.2.64. Caistor St Edmund. Particle size distribution for sediment samples less 
than 2 mm. For location of samples see Figures 5.2.61 and 5.2.63. 
 
 
 
 
 
 
Figure 5.2.65. Caistor St Edmund. Particle size distribution for sandy gravels. For 
location of samples see Figures 5.2.61 and 5.2.63.
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5.2.3.2.1 Unit C 
 
Unit C was the lowest unit exposed during the period of this research. In exposure 2 the 
Unit consisted of interbedded sands and sandy gravels, each forming beds 10 -15 cm 
thick.  The beds had an apparent dip of 5 - 10° to the northwest and no internal 
sedimentary structures were discernible in the limited exposed section.   In exposures 1 
and 3, further to the north, the unit lacked beds of gravel and consisted of moderately 
well sorted, slightly micaceous, fine sands (sample 1, Figure 5.2.64, Table 5.2.15) 
interlayered with thin silty clay laminae, occasionally forming seams with fine sand 
laminae up to 3 cm thick (Figure 5.2.66). The bedding is frequently ruptured or 
disturbed by bioturbation.  The intensity of the bioturbation varies vertically but using 
the scale devised by Droser and Bottjer (1988) the sediments have generic shelfal 
ichnofabrics with indexes  varying between 2 and 4 suggesting that up to 60% of the 
original bedding is disturbed at some horizons (e.g., the lower part of the exposure in 
Figure 5.2.66). 
 
Figure 5.2.66. Caistor St Edmund. Photograph of the section exposed at Location 3 in 
Figure 5.2.59 showing interlayered beds of fine sand and laminated silty clay and very 
fine sands above muddy sands with a bioturbation index of 4 (above the top of the 
trowel).  
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 The non-opaque heavy mineral sample from this interval (Table 5.2.16) is dominated 
by garnet (44%) and zircon (35%) with subordinate epidote (11%) and amphibole (6%) 
 
5.2.3.2.2 Unit D 
 
This unit is developed intermittently beneath the flat, basal surface of unit E in channel 
shaped depressions cut into the underlying Unit C.  Each channel is usually distinct and 
varies in depth from 40 cm to 1.5 m. The infill of the channel consists of several 
different elements (Figures 5.2.61, 5.2.62, 5.2.63, 5.2.67).  
 
a) The base of the channel is usually draped by, bimodal sandy gravel composed 
of rounded flint pebbles (mode 16 – 32 mm) and medium sand up to 35 cm 
thick (sample A in Figure 5.2.64, Tables 5.2.15 and 5.2.17).  The clasts are 
dominantly composed of flint (> 94%, Table 5.2.17) with high proportions 
showing chatter marking (> 80% in the 16 – 32 mm fractions and 32 - 60% in 
the 8 – 16 mm fraction) The base of the channel is occasionally lined with a 
thin layer (~ 1cm thick) of finely laminated silty mud and fine sands beneath 
the sandy gravel.   Separate gravel beds can occur at higher levels within the 
channel and can vary in thickness from 5 to 35 cm and contain clasts of 
laminated silty mud and fine sands up to 4 cm in length. No clear bedding could 
be seen within the gravel and the upper boundary of the gravels with the 
overlying Unit E was indistinct at the margins of the channel. 
b) Fine slightly micaceous, sands with ripple and faint cross bedding (e.g. Figure 
5.2.63). Some ripples are symmetrical and silty clay drapes occur on some cross 
beds.   
c) Finely laminated, micaceous silt, clay and fine sand (sample 3 in Figure 5.2.64, 
Table 5.2.15) up to 30 cm thick.   The laminations are horizontal in the centre of 
the channel but follow the slope of the contact with the underlying sediments at 
the margins. 
d) Deformed layers of laminated, silty clay containing rounded flint clasts, 
partially matrix supported, up to 15 cm thick can occur adjacent to gravels (e.g., 
Figure 5.2.59, between the two gravel beds). 
e) Cross-bedded sandy flint gravel up to 15 cm thick was seen only in the upper 
part of one channel.  
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Figure 5.2.67. Caistor St Edmund.  Unit D. Rounded bimodal sandy flint gravel overlain 
by finely laminated micaceous clay and silt within channel at Location 1, Figure 5.2.61. 
 
It was not possible to determine reliable palaeocurrent directions from cross bedding at 
the top of the unit owing to the sediment texture and small outcrops. However, the 
slopes on the sides of channels suggested the channels had a generally northeast – 
southwest orientation.  The long axes of clasts towards the top of the gravel tend to lie 
parallel to the orientation of the channel and have a dominant dip direction towards the 
northeast (Figure 5.2.63). 
 
The non-opaque heavy mineral suites from the sandy gravels (Sample 2) and the 
laminated silty clay and fine sand (Sample 3) are similar to one another and dominated 
by garnet (51 – 56%) and zircon (26 – 30%) with subordinate epidote (8 – 11%) and 
amphibole (4%) (Table 5.2.16). 
 
5.2.3.2.3 Unit E 
 
This unit forms a visible marker (Figure 5.2.60) that can be seen in the degraded quarry 
faces. The base of the Unit undulates slightly and truncates the underlying units.  It 
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consists of a bed of flint gravel and sands, and varies in thickness from a few 
centimetres to 30 cm. The gravel composition is dominated by flint (> 90%) and is 
notably coarser than that seen in Unit D. The unit is characterised by large flint clasts (> 
10 cm) and the clast distribution varies from isolated flints to clast supported gravel 
(particularly above the channel infills of Unit D). Individual clasts can reach 25 cm in 
length.   
 
The base of the Unit E formed a datum for the sections and levelling indicated that the 
elevation of its basal surface increased by 1.1 m between Locations 1 and 2 (Figure 
5.2.59) suggesting a steeper northwesterly dip than the gentler slope to the northeast 
recorded in the southern part of the quarry by Postma and Hodgson (1988). This suggest 
that surface at the base of Unit E may contain large-scale, but shallow channels or 
depressions. 
 
5.2.3.2.4 Unit F 
 
There is a diffuse lower boundary to this Unit with the underlying gravels of Unit E. 
Unit F consists of moderately well sorted, structureless and slightly micaceous fine 
sands (samples 5 and 6, Figure 5.2.64, Table 5.2.17) interbedded with slightly 
micaceous, muddy sands (samples 4, 7 and 8).  Silty clay seams from a few millimetres 
up to 1 centimetre thick are developed locally, particularly towards the top of the 
section at Location 1. The muddy sands correspond to intervals of more intense 
bioturbation.  The extent of bioturbation varies vertically and is greatest in the 
uppermost and lowermost parts of the section at Location 1 (Figure 5.2.                61) 
where the bioturbation index reaches 2. Horizontal surfaces with bioturbation, 
apparently truncated, beneath and sand without signs of bioturbation above are present 
occasionally (Figure 5.2.68).  Rare, isolated pebbles of rounded flint occur within the 
lower part of the Unit. 
 
The non-opaque heavy minerals are similar to the Units below (Table 5.2.16) and 
dominated by garnet (46%) and zircon (31%) with subordinate epidote (11%) and 
amphibole (7%). 
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Figure 5.2.68. Caistor St Edmund.  Unit F. Fine sands with development of bioturbation 
below a probable erosion surface. For location see Figure 5.2.61. 
 
5.2.3.2.5 Unit G 
 
The exposure of the base of this unit was limited to a small area at Location 1 (Figure 
5.2.61) where it lies horizontally on Unit F.  At Location 1 quartzose gravels (sample C, 
22% quartzose content) are interbedded with very fine sands with silty clay partings 
(sample 9) and sheets of laminated silty clay (~ 5 cm thick) with a northerly dip.  The 
interval of gravels above the section described at Location 1 do not appear to be in situ 
and have probably been redistributed by quarry working.   
 
The correlation of the 1.75 m thick sequence at the top of Location 2 (Figure 5.2.63) is 
tentative. Using Unit E as a datum, the section here is two metres higher, than the top of 
the in situ Unit G at Location 1. The base of the section shows low-angle, cross-bedded 
fine and medium sand with occasional gravel clasts on the cross beds. Above this level, 
a bed of slightly bioturbated, fine sand and a bed of laminated silty clay and very fine 
sand separates two beds of bimodal poorly sorted medium sand and gravel.   
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The gravels from both Locations (samples F, E and C, Figure, 5.2.65, Table 5.2.17) are 
composed predominantly of flint (73 - 87%) but have a higher proportion of quartz and 
quartzite (11 – 22%) than the gravels below.  The quartzose material is grey or white in 
colour. 
 
The non-opaque heavy minerals are still dominated by garnet (35%) and zircon (25%) 
although the proportions of other heavy minerals are slightly higher than seen in the 
samples from lower units (Table 5.2.16). 
 
5.2.3.3 Discussion 
 
There is general agreement between the sequence seen in this study and that recorded 
by Postma and Hodgson (1988).  However, there would appear to be more lateral 
variation in the facies in Units C and F than originally described with lower energy 
deposits (predominantly of fine sands, lacking gravels or cross bedding) in the 
northeastern part of the quarry (Locations 1 and 3). In addition, the channels described 
by Postma and Hodgson (1988) in Unit D are much deeper and wider than those 
observed in this study, which suggests that the sediments currently exposed were 
deposited in a generally lower energy environment than those studied by Postma and 
Hodgson.  The similarity of the facies in Units C and F in locations 1 and 3 indicates 
that they accumulated in similar depositional environments. The bioturbation in the 
muddy fine sands in Units C and F reflect diastems or periods of reduced rates of 
deposition whereas the cleaner sands represent rapidly deposited beds which 
accumulated too rapidly for bioturbation to develop or, less likely, the sediments were 
depleted in oxygen.  
 
The complex sequences of coarse gravels, sands and finely laminated silty clay in 
channels of Unit D indicates significant variation in the energy of the depositional 
systems. Postma and Hodgson (1988) record a Skolithos ichnofacies in this unit that 
indicates a probable marine origin (Seilacher, 1964). Postma and Hodgson (1988) 
suggested that the channels of Unit D were formed in response to a drop in base level 
but the channels could also have formed during short periods of episodic erosion and 
sedimentation.  The erosion and deposition of gravels were probably the result of high-
energy rip currents associated with storms and spring tides and the channel infill 
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represented periodic fluctuation in the flow regimes against a background sedimentation 
of laminated silty clay and very fine sands. The predominance of large clasts in Unit E 
suggests that it may have been formed as a lag by extensive winnowing and reworking 
of the underlying Unit D by waves. 
 
Chatter marked flints are widespread in the Quaternary sediments of East Anglia and 
there are uncertainties about their provenance although Hey’s (1967) view that they 
were derived mainly or totally from older Tertiary sediments has been widely accepted.   
However, Postma and Hodgson’s (1988) interpretation of the gravels in Unit C as 
shoreface deposits formed by wave action poses the possibility that the widespread 
chattermarked flint within this deposit and elsewhere in East Anglia may have formed 
on a Lower Pleistocene beach rather than being reworked from older sediments. 
 
The increase in the quartzose content of the marine gravel in Unit G indicates a new 
source for the coarse clastic components although the similarity of the G:Zi indexes (55 
to 68) and the heavy mineral suites from the sands in Units C, D, F and G would 
support a common source for the sand.   
 
The very high quartzose gravel described from Unit H (fluvial, Kesgrave Sands and 
Gravels) by Postma and Hodgson (1988) was not exposed in this study.  However, 
comparison of the clast lithological analyses in Hey (1980), Green and McGregor 
(1999) and Hallam (1995) (Table 5.2.14) suggests that Postma and Hodgson’s (1988) 
description of Unit H gravels containing only 10% flint might be suspect. Moreover, the 
records of Hey (1980) and Green and McGregor (1999) cannot be relied on to indicate 
the character of fluvial gravels because of the lack of precise stratigraphic information 
on their location and the presence of marine quartzose gravels. The confirmation of the 
exact location and character of the high quartzose, fluvial gravels and clarification if the 
reddening reported by Funnell et al. (1979) represents a soil will require extensive and 
major excavations of new exposures. 
 
5.2.3.4 Conclusion 
 
Current exposures at Caistor St Edmund are very poor and the upper part of the pre 
Anglian sequence described by Postma and Hodgson was probably not exposed. No 
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exposure was found of the very high quartzose and fluvial gravels described by Postma 
and Hodgson and assigned to the Kesgrave Sands and Gravels. 
 
Lateral and vertical variations in facies and record marked changes in the energy of the 
depositional environment.  
 
The sequence studied here records deposition on a shallow marine shelf with evidence 
of both tidal and wave processes, possibly close to shore. No beach deposits have been 
recorded in this study.   
 
Erosional surfaces are developed at several levels and on different scales with a 
widespread erosional surface, covered by a gravel lag, at approximately 2 m above the 
top of the Chalk (Unit E) that dips toward the northwest. 
 
The heavy mineral analyses of the Units C to G suggest that their sands had a common 
source unlike the gravel component. 
 
The lowermost gravels are composed of > 95 % flint, a high proportion of which is 
chatter-marked.  The upper marine gravels of Unit G contain a significant quartzose 
component (~ 20%) indicating the introduction of a new or additional source for the 
gravels. 	  
 
5.2.4 Synthesis of the data from the Norwich area. 
 
5.2.4.1 Introduction 
 
This section brings together the work at Bramerton and Caistor St Edmund with other 
published work to understand the pre-glacial stratigraphy, particularly of the pre-glaical 
gravels in the Norwich area. 
 
A cross section extending from Chapel Hill to Bramerton (Figure 5.2.69) has been 
constructed to illustrate the complexities of the post-Chalk geology in the area.  The 
section was constructed using data from the exposures at Bramerton and Caistor St 
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Edmund described in this study and in Postma and Hodgson (1988), boreholes drilled 
and described by the BGS during August and October, 1969 (Nickless, 1971), and the 
borehole and section data presented in Read et al. (2007) for Chapel Hill.   
 
The Lowestoft Till (= Boulder Clay of Nickless, 1971) is present at the top of the 
sequence but missing, probably owing to later erosion, in valleys.  The classification of 
the lithological units in the BGS boreholes is based on the similarities in their recorded 
descriptions in Nickless (1971). The chalky sands and gravels below the Lowestoft till 
at Chapel Hill contain Quaternary and Cretaceous marine microfossils (Read et al., 
2007; Lewis and Hoare, 2012) and appear similar to the calcareous sands of Unit I at 
Caistor St Edmund (Postma and Hodgson, 1988) and to the Corton Sands Member 
(Mitchell et al. 1973; Perrin et al. 1979; Hopson & Bridge, 1987; Ehlers & Gibbard 
1991). However, the Corton Sands Member is probably a complex unit (Lee et al., 
2006; Gibbard et al., 2007) and is not the subject of this study. The Corton Till is taken 
to be equivalent to the Norwich Brickearth (Hamblin et al., 2005). The division of the 
sedimentary units is based on the texture, the presence or absence and abundance of 
chalk and quartzose clasts. Flints are present throughout.   The unit containing gravels 
with quartz and chalk is not exposed but is considered to be glacial or glaciofluvial in 
origin because of the presence of noticeable chalk, its elevation in relation to the 
undoubted Crag on either side and the interpretation in Nickless (1971). The unit of 
clayey, pebbly sands with flints is also considered to be glacial or glaciofluvial in origin 
because of its apparent lack of bedding, similarity to the Units J and K beneath the 
Lowestoft Till at Caistor St Edmund described by Postma and Hodgson (1988), and its 
elevation in relation to the undoubted Crag on either side.  The Norwich Crag is 
composed of marine sands and flint gravels lying on top of the Chalk and is overlain by 
sands and quartzose gravels without chalk.  The quartzose gravels are divisible into two 
units in outcrops: one with ~20 – 40 % quartzose clasts and the other with very high 
quartzose contents of more than 50% (Q1 and Q2 respectively on Figure 5.2.69). 
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5.2.4.2 The Norwich Crag 
 
The Norwich Crag sequences at Caistor St Edmund and Bramerton record deposition in 
a shallow marine, tidal and sometimes wave dominated environment (sections 5.2.2., 
5.2.3).  The higher concentrations of gravel and more wave-induced structures in the 
sediments at Caistor St Edmund suggest a generally higher energy and shallower 
environment than that at Bramerton. However, the sequence at Bramerton suggests 
deposition took place in progressively shallower water. The base of the Norwich Crag 
rises by 15 m between Bramerton and Caistor St Edmund and the shape of the Chalk 
suggests that the difference in elevation is primarily the result of burial of an erosional 
feature rather than tilting.  Both sequences indicate multiple erosional surfaces and, at 
Caistor St Edmund, a complex depositional geometry (Figure 5.2.69) suggests frequent 
and possibly local variations in the energy level of deposition.  The extent to which the 
erosion surfaces are a response to changes in sea level, climate or a re-organisation of 
the tidal channel geometry within a single climatic stage is not clear but all factors are 
likely to have played a part at some time. Woodward (1882) observed that lateral 
variations were common within the Norwich Crag around Norwich. Borehole NE33 
(Figure 5.2.69, Nickless, 1971) contains an 8.8 m thick sequence of silty clays at the 
base of the borehole that might represent tidal flat deposits. 
 
The heavy mineral suites of the Norwich Crag are characterised by high concentrations 
of garnet, amphibole and epidote.  This association suggests that the sands originate 
from the re-distribution of sands fed into the North Sea basin by the giant Eridanos  and 
proto-Rhine deltaic complexes to the east (Overeem et al, 2001) or, less likely, derived 
locally from the erosion of local Palaeogene sediments. The heavy mineral G:Zi Index 
of the sequence at Caistor St Edmund (average 61) is similar to that at Bramerton, 
particularly subunits 2b – 2f (average 60), which suggests a similar provenance for the 
sands. However, the average ratio of heavy-heavy to light-heavy minerals is much 
higher than at Bramerton (4.45 compared to 0.68) which may reflect hydraulic sorting 
or post-depositional, differential dissolution of the heavy mineral assemblages. 
Amphibole constitutes a much lower percentage of the less stable heavy minerals at 
Caistor St Edmund than at Bramerton and is the most susceptible of the dominant 
minerals to acid dissolution (Morton, 1985). The record of bivalve casts in the sequence 
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at Caistor St Edmund (Hodgson, 1989) indicates that decalcification has taken place and 
is consistent with acidic alteration of the heavy mineral suites.  
 
Rose et al. (2001) characterised the clast content of the Norwich Crag as > 95% flint 
clasts (8-16 mm fraction) (Figure 5.2.70).  This appears to be valid for the sequence at 
Caistor St Edmund but not at Bramerton, the type site for the Norwich Crag. Gravels in 
the lower part of the Bramerton section contain > 95 % flint but the percentage reduces 
in some samples in the upper part (above 11.5 m OD) to 89% (Figure 5.2.43). In 
addition, the tidal channel infill deposit at Bramerton (Unit 2c from 7.2  - 8.8 m OD, 
Figure 5.2.43) has a basal, high quartzose gravel lag (24 % quartzose material) and the 
unit contains occasional Jurassic fossils, oolites and Carboniferous coal.  The lower 
percentages of flint clasts found in the gravels in the upper part of the Norwich Crag at 
Bramerton are similar to those recorded by Rose et al. (2001) for the thin (0.6 m) type 
sequence for the Dobbs Plantation Member of Wroxham Crag Formation, near 
Wroxham (87 – 93 % flint).  The exposures near Wroxham are 10 km to the north 
(Figure 5.2.2) of Bramerton at an elevation ~ 10 m OD. Shells were found associated 
with the more quartzose Norwich Crag gravels at Bramerton and with the quartzose 
gravels at Wroxham. Rose et al. (2001) assigned the quartzose gravels at Wroxham to 
the Wroxham Crag on the basis, in part, of the presence of M. balthica.  However, the 
identification of this fossil at Dobbs Plantation is no longer considered reliable (Riches 
et al., 2008; Larkin and Norton, 2011) and therefore does not provide a basis on which 
to separate the unit at Wroxham from the Norwich Crag. The two gravel sequences 
probably belong to the same lithostratigraphic unit as they have similar clast 
compositions (~ 90% flint clasts, Figure 5.2.70) and occur at similar elevations along 
the strike of the base Crag surface. 
 
The presence of elevated concentrations of quartzose material in gravels within the 
Norwich Crag around Norwich suggests the proximity of a localised source that had a 
varying influence on the marine deposits.  The possible source was a river system that 
flowed from the west and became progressively more able to transport quartzose 
material from the source areas in the Midlands and northern England although this 
interpretation is difficult to reconcile with the heavy mineral assemblages that suggest a 
source for the sands from the east, rather than the west. Far travelled clasts (quartz, 
quartzite, Greensand and Rhaxella cherts, Jurassic fossils, igneous rocks) are also 
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recorded from the older basement beds of, and within, the Red Crag of southeast 
Suffolk (Double, 1924; Boswell, 1927) and indicate that these far travelled rocks were 
entering the basin as early as the Pliocene. A nearby fluvial influence is also suggested 
by the presence of freshwater shells in association with marine shells in the basal part of 
the section at both locations and terrestrial vertebrates in the shell beds at Bramerton. 
 
5.2.4.3 The pre-glacial gravels 
 
The quartzose gravel sequence at Chapel Hill and Caistor St Edmund consists of a 
quartzose gravel interval at the base overlain by a very quartzose gravel one (Read et 
al., 2007; Postma and Hodgson, 1988). The variations in the elevation of the base of the 
quatzose sequence and the absence of Norwich Crag at Chapel Hill (Figure 5.2.69) 
indicate that the lower boundary of this unit is erosional.  However, at Bramerton the 
sequence is apparently reversed and very quartzose gravel is overlain by quartzose 
gravel.  The lower elevation of the boundary with the underlying Crag at Bramerton 
suggests that it is also erosional although quartzose material increases slightly in the 
gravels in the upper part of the underlying Norwich Crag.  
 
The clast lithological data from the quartzose gravels from Bramerton, Chapel Hill and 
Caistor St Edmund are plotted on the bivariate plots that Rose et al. (2001) used to 
characterise the gravels of different lithostratigraphic units. These plots show the 
similarities of the quartzose gravels and of the high quartzose gravels at Bramerton and 
Chapel Hill even thought they are in different stratigraphic orders at these locations. 
Moreover, the high quartzose gravels are unlike any other unit previously recognised in 
East Anglia as they contains a high quartzose clast content (> 50%) of which only a 
small percentage is coloured.  High quartzose gravel deposits of the Bytham river in the 
Bury St Edmunds area contain significant amounts of coloured quartzite (Clarke and 
Auton, 1992, Bristow, 1990) as do the much younger Letchworth river gravels (Smith 
and Rose, 1997) further to the south.   	  
Other records of high quartzose gravels in the Norwich area (Table 5.2.2 and Figure 
5.2.2) tend to occur at elevations above 20 m OD, including at Whitlingham, where the  	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sequence appears to be similar to that at Chapel Hill with a high quartzose gravel unit 
above a lower quartzose one (Funnell, 1961). This pattern was also recorded in the 
gravels described from a sequence of boreholes by Funnell (1961) from the 
Whitlingham area to the centre of Norwich (Figure 5.2.71).  
 
 
Figure 5.2.71. Borehole logs from Funnell (1961) through the Crag and quartz rich 
gravels in the Norwich area.  Vertical scale in feet, 70’ = 21.3 m. For location see 
Figure 5.2.2 or 5.2.57 
 
Hey (1980) recorded clasts of volcanic tuffs, similar to those he recovered from proto 
Thames terrace deposits, in the gravels immediately beneath the Norwich Brickearth in 
the former Brick Pit at Catton at  ~ 26m OD (the area has since been built on).  The 
sample from Mousehold Heath (Green and MacGregor, 1999) was probably taken from 
gravels lying above the Norwich Brickearth (Funnell, 1975). Krinsley and Funnell 
(1965) described sand grain textures with a glacial origin in the high level quartzose 
gravels (25 – 26.5 m OD) from a borehole north of the River Yare (NW BH 8 in Figure 
5.2.71) and from the high quartzose gravels in the Whitlingham Pit, but not at lower 
levels in the same pit or in the lower level, finer gravels of borehole RM 14 (Figure 
5.2.71) south of the Yare. These data suggest that some, if not all of the higher level, 
high quartzose gravels around Norwich may have a glacial component. 
	   316	  
 
The high quartzose gravels at Bramerton and at Chapel Hill may be distinguished by 
differences in the proportions of quartz and quartzite and the abundance of 
Carboniferous chert clasts: 
 
   Quartz:quartzite ratio  % Carboniferous chert 
     Bramerton (9 samples)    1.0  (range 0.7 – 1.4)  0 – 8 (ave. 3) 
     Chapel Hill  (1 sample)    0.4     0 
 
The high quartzose gravel at Bramerton also contains hard sandstone clasts (average 
10%) that are not included the quartz:quartzite ratio above.   The lower quartzose gravel 
unit at the top of the sequence at Bramerton has a similar composition to the unit seen at 
the base of the quartzose gravel sequences in the area to the west.  This pattern suggests 
that the high quartzose gravel unit seen at Bramerton below 19 m OD (Q1 in Figure 
5.2.69) is older than, and separated from, a younger, high quartzose gravel unit to the 
west, found above 20 m OD (Q2 in Figure 5.2.69) by a single lower quartzose gravel 
unit that is present widely across the area.  The elevations of the boundaries between the 
different quartzose gravel units suggests that their boundaries are formed on eroded 
surfaces with up to 6 m of differential relief although it is not yet possible to suggest a 
terrace stratigraphy. 
 
Postma and Hodgson (1988) interpreted the sedimentary structures of the Q2 quartzose 
gravel as the result of deposition in fluvial braided channels and those of the lower 
quartzose gravels as deposition in inter-tidal or sub-tidal channels at Caistor St Edmund. 
Read et al. (2007) correlated possibly the same two quartzose gravel units at Chapel Hill 
with the marine Wroxham Crag, How Hill Member, based predominantly on the 
composition of the gravels.  The sedimentological evidence for the depositional 
environment of the quartzose gravels is equivocal at Bramerton but both are interpreted 
as fluvial in origin. The considerably lower G:Zi index of the low quartzose gravels at 
Bramerton indicates a marked change in the sediment source with the sand being 
predominantly derived from the Triassic of the Midlands in which zircon is a dominant 
heavy mineral (Bateman and Rose, 1994). 
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The high proportion of quartzose material in the Q1 and Q2 gravels is unlike that found 
in the lower terraces of the proto Thames and Bytham rivers to the south and more 
similar to the outcrops closer to the source. The white and colourless quartzose gravel 
around Norwich is comparable to the oldest deposits of the proto-Thames (Sudbury 
Formation) (Rose et al., 2001), albeit in much higher concentrations around Norwich. 
Hey (1965) attributed the lack of colour in the quartzose material to leaching by acid 
groundwater. This comparison suggests that the high concentration of quartzose 
material is the result of a direct fluvial route from the Midlands source area (Rose et al., 
2001, Figure 5.2.1), the sediment has probably not been reworked and mixed in a 
marine environment and the gravels may also be relatively old. This interpretation 
would require a substantial river system to have flowed through the Norwich area, such 
as an early Bytham that subsequently migrated southwards to its more familiar location 
near Bury St Edmunds where it exploited the line of weakness in the Chalk formed by 
deformation above the Glinton Thrust (Wood and Chacksfield, 2011). Clayton’s (2000) 
reconstruction of the pre-glacial Chalk relief does not suggest a river flowing east across 
the Chalk to Norwich and as the area to the west of Norwich was separated from the 
Midlands by a Chalk ridge.  However, Clayton’s work is conceptual and the current 
level of the Chalk to the west of Norwich would have allowed a river to flow eastwards 
to the Norwich area. 
 
 
5.2.4.4 Conclusions.  
 
• The pre-glacial sequence around Norwich consists of shallow marine and tidal 
Norwich Crag deposits overlain by a sequence of three units with distinctive 
quartzose gravels. 
 
• The variation in relief at the base of the Crag is erosional in part and not just the 
result of subsequent tilting. 
 
• The Norwich Crag was deposited in a shallow, predominantly tidal marine 
system close to the margin of the basin.   The sequence represents an aggrading 
sequence with a complex internal geometry and multiple erosion surfaces.  The 
extent to which all or any of these erosional events are due to changes in sea 
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level or climatic stages is not clear. Some erosional surfaces may reflect changes 
in the channel geometry within an aggrading sequence. 
 
• The presence of a nearby fluvial influence is indicated by terrestrial molluscs 
and vertebrates and possibly by quartzose clasts and other far travelled clasts in 
the Norwich Crag at Bramerton. 
 
• The heavy mineral suites of the Norwich Crag are characterised by garnet, 
amphibole and epidote with a G:Zi index  typically around 60. This association 
suggests that the sands originate from the re-distribution of sands fed into the 
North Sea basin by the giant Eridanos  and proto-Rhine deltaic complexes to the 
east or, less likely, derived locally from the erosion of local Palaeogene 
sediments. 
 
• The source of the diverse assemblage of far travelled clasts in Subunit 2c at 
Bramerton is enigmatic as the heavy mineral assemblages of the sands with 
which they are associated do not appear to have been derived from the 
Midlands, the conventional source for the quartzite clasts. 
 
• The Dobbs Plantation Member as defined by Rose et al. (2001) at Dobbs 
Plantation is part of the Norwich Crag and not the Wroxham Crag. 
 
• The origin of the high quartzose gravel lag and assortment of far-travelled clasts 
with in subunit 2c of the Norwich Crag at Bramerton is enigmatic, as it is for 
similar clasts in the older Red Crag to the south. The probable sources of the 
clasts are reworking of older Tertiary beds (since removed regionally) or littoral 
drift of clasts derived from outcrops to the north or from the river systems on the 
eastern side of the southern North Sea.  The clasts are not taken to indicate an 
early, obliquity driven climatic effect on the river systems feeding the Crag 
basin from the west as the heavy mineral assemblages of the associated sands do 
not support a westerly sediment source.  
 
• Above the Norwich Crag are two units (Q1 and Q2) with very high 
concentrations of predominantly white and colourless quartzose material in the 
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gravels (> 50%) separated by a unit with a lower quartzose gravel content (20 -
40%). The quartzose gravels occur at elevations of between 16 and 26 m OD in 
the area to the south and southeast of Norwich. 
 
• The high quartzose gravels overlying the Norwich Crag in the area around 
Norwich have a complex stratigraphy.  However, the gravels are distinguished 
from other gravels in northern East Anglia by a very high (often over 60%) and 
predominantly colourless, quartzose component.  
 
• The high quartzose gravels in the Norwich area are considered to be older than 
the Bytham gravels recorded to the south (with their distinctive coloured 
gravels) and to have been formed by an earlier Bytham River, that flowed 
eastwards from the Midlands through the Norwich Area. Subsequently the 
Bytham river migrated southwards, probably by river capture, to exploit the 
structural line of weakness in the Chalk, above the Glinton Thrust, near Bury St 
Edmunds. 
 
• The variation in the concentration of quartzose material in the quartzose gravels 
reflects fluctuations in the flow and re-arrangements of the early Bytham river.    
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5.3. Correlation of the deep Crag sequence in Norfolk and Suffolk. 
 
5.3.1 Introduction 
 
The Crag sequence of East Anglia is divided into the Coralline, Red, Norwich and 
Wroxham Crags based on a combination of lithology and fossil remains (Bowen, 1999; 
Rose et al.; 2001; Catt et al.; 2006).  The early Pliocene Coralline Crag is not discussed 
within this work.  The biostratigraphical division of the subsurface sections of the Crag 
(Funnell, 1961; West, 1961; Mitchell et al., 1973; Funnell and West, 1977; West 1980a) 
in the deeper parts of the basin has been extremely influential in the development of 
ideas on the palaeoenvironmental history and correlation of the Early Pleistocene 
sequences in East Anglia (West, 1968; Mathers and Zalasiewicz, 1988; Zalasiewicz et 
al., 1988; 1991; Gibbard et al., 1991; Funnell, 1995, 1996a; Hamblin et al., 1997; Head, 
1998a; Catt et al., 2006). The emphasis on biostratigraphy, especially pollen, has 
resulted in a complex geometric relationship between the sequences encountered in 
boreholes, especially for the basal part of the section (see Figure 5.3.1).   Whilst 
problems with the application of this stratigraphic model have been recognised (e.g., 
Jones and Keen, 1993; Rose, 2008, 2009) it still maintains a strong influence over 
discussion and correlation of the Early and Middle Pleistocene (e.g., Catt et al., 2006). 
 
The problems with the biostratigraphic correlations have led some workers to re-
evaluate and emphasize the importance of lithostratigraphic and sedimentary processes 
in resolving the palaeoenvironmental history of the Early and Middle Pleistocene in 
East Anglia (Rose et al., 2001; Rose, 2008, 2009).  The requirement by the BGS to map 
lithological units rather than biostratigraphic stages resulted, in southeast Suffolk, in 
integrated studies that enabled lithofacies to be defined, correlated and mapped (Mather 
and Zalasiewicz, 1988; Zalasiewicz et al., 1988; 1991).   The lithostratigraphic studies 
and work on the arvicolids (Mayhew and Stuart, 1986) identified a problem in the then 
prevailing biostratigraphic framework and resulted in the combination of the Antian and 
Bramertonian stages (Gibbard et al., 1991). However, the BGS staff still used the bio-
stratigraphic framework in their correlations (Hamblin at al., 1997; Gibbard et al., 1998; 
Moorlock et al., 2000).  The relationship of the Crag lithostratigraphy in Suffolk 
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Figure 5.3.1. Schematic correlation of Red and Norwich Crag deposits in East Anglia, 
assuming correlation of the Chillesford Clay with the Easton Bavents Clay and with 
deposits of ‘Pre-Pastonian a’ age (correlations emphasized with diagonal ornament). 
Correlations with the Netherlands' sequence following Gibbard et al. (1991) also shown. 
Unconformities shown in the sequence are interpreted from biostratigraphical data. 
From: Zalasiewicz et al., 1991. Fig. 11. 
 
with that in Norfolk remains unclear (Gibbard et al., 1998).  Jeffery and Balson (in 
Gibbard et al., 1991) suggested that lithostratigraphic correlation should take 
precedence in the Pleistocene sequences of the southern North Sea because of the 
problems in applying the pollen biostratigraphy and the boundaries of the sediment 
bodies were probably diachronous (also see: Cameron et al., 1989, 1992, 1993; 
Overeem et al., 2001; Kuhlmann and Wong, 2008).   
 
The Crags were deposited in shallow marine and estuarine environments dominated by 
tidal processes on the western margins of the subsiding southern North Sea basin 
(Norton, 1967; Funnell, 1996; Gibbard et al., 1998; Rose et al., 2001; Catt et al., 2006; 
Rose, 2009).  The depth of water in which the sediments accumulated has varied over 
time from 50 m to near beach and gravelly coastline (Norton, 1967; Dixon, 1978, 
Funnell et al., 1979; Funnell, 1995; Mathers and Zalasiewicz, 1996; Gibbard et al., 
1998).  The equivalent age sediments in the southern North Sea have been interpreted, 
using seismic stratigraphy and borehole data, as prograding deltaic deposits fed from the 
UK mainland and from the east (Cameron et al., 1987, 1989, 1993).  The Early 
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Pleistocene seismostratigraphic units are separated by unconformities that were 
originally related to changes in sea level (Cameron et al., 1987) but later work on the 
Dutch sequences has suggested that the unconformities also reflect autocyclic changes 
within deltaic systems rather than solely responses to sea level change (Cameron et al., 
1993; Overeem et al., 2001; Rijsdijk et al., 2005).  Evidence of fluvial deposition within 
the Norwich and Red Crag sequences has not been found although proximity to land in 
the Norwich Crag is indicated by the occasional presence of terrestrial and freshwater 
fossils in the marine sediments (e.g. Charlesworth, 1837; Woodward 1881; Stuart, 
1982; Gibbard et al., 1991; 1998).  
 
The identification of regional unconformities within the post-Red Crag sequence is 
based predominantly on pollen based stratigraphy and outcrops on the margins of the 
basins tied to lithostratigraphy, e.g. at the base of the Bramertonian/ Chillesford Sand 
member and the base of the Beestonian (Figure 5.3.1; West, 1980a; Gibbard et al., 
1991; Zalsiewicz et al, 1991, Hamblin et al., 1997). The offshore seismic and borehole 
records indicate a significant period of erosion and possibly non-deposition between the 
Red Crag Formation and the overlying Westkapelle Ground Formation (Figures 6 and 7 
in Cameron et al., 1889). Rose et al. (2001) and Rose (2009) suggest a progressive and 
oscillating migration of the Crag coastline northeastwards across East Anglia that would 
be moderated by a “great number of climatically and tectonically driven sea-level 
changes”.  Rose et al. (2002) and Rose (2009) have also suggested multiple 
transgressions and regressions are recorded by the Wroxham Crag and Cromer Forest-
bed that are related to changes in sea level or tectonic movements.  
 
The basal Crag surface in Norfolk and north Suffolk has a north south strike that is cut 
across by a set of northeast-southwest trending pre Crag erosional ridges and troughs 
underlain by Palaeogene sediments (Chapter 4, Figures 4.6, 4.17).  In the south of the 
area the surface strikes northwest-southeast and is also marked by a series of northeast-
southwest trending ridges and troughs.  The troughs to the west of the Framlingham 
Ridge are underlain by the Chalk and were probably influenced by syn-depositional 
faulting during Crag times (Bristow, 1983: Cornwell, 1985; Cornwell et al., 1996; 
Hamblin et al., 1997).  Progressive regional subsidence to the east during the deposition 
of the Crag was followed by uplift along the western and southwestern margins 
(Mathers and Zalasiewicz, 1988; Rose et al., 2002).  
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5.3.2. Subsurface Correlation 
 
5.3.2.1 Introduction 
 
A new correlation of the deep Crag sequence in Norfolk and Suffolk is attempted in this 
section. The correlation is based on a synthesis of data from over fifty boreholes 
(Figures 5.3.2, 5.3.3, Appendix 3) and uses the available palaeontological and 
lithofacies data, as well as gamma-ray (GR) logs (available in 23 of the boreholes).  The 
main borehole data used in this correlation, including the individual borehole 
descriptions and interpretations, are summarised in Appendix 3).    
 
GR logs are used to correlate the Early Pleistocene of East Anglia for the first time 
although they have been used for Pleistocene correlation in the Netherlands (e.g., Jansen 
et al., 2004; Kuhlmann et al., 2006a, b). 
 
5.3.2.2. Methodology 
 
Wireline geophysical logs are the primary tool in subsurface lithostratigraphic analysis, 
particularly in the oil industry (Hurst et al., 1990, 1992; Lovell and Parkinson, 2003).   
The most consistent and widely available data in deep boreholes in the Crag basin are 
gamma-ray (GR) logs (Figure 5.3.3) yet no attempt has been made to use them in 
developing the lithostratigraphy of the Crag at depth.  GR logs form the framework for 
this analysis of the lithostratigraphy and their interpretation will be integrated with other 
geophysical logs, mainly resistivity, and published and unpublished data on the 
sediments and palaeontology from boreholes with and without GR logs.  
 
The GR log responds to variations in the clay content and grain size of the sediment and 
the principal log shapes (cylindrical, funnel, bell, symmetrical and serrated or irregular) 
have been related to depositional environments (Figure 5.3.4) (Serra and Sulpe, 1975; 
Selley, 1976; Rider, 1990, 1996, Cant, 1992). 
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Figure 5.3.2. Boreholes in the Crag of East Anglia drilled since 1950 for which 
palaeontological data are available. Blue dots are the Royal Society/UEA boreholes. 
The Langley Grange and Hales Hall boreholes have important lithostratigraphic, but no 
palaeontological, data. The Crag is absent in the coloured area.  For details of sources, 
see text.  National grid lines are at 10 km intervals.  
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Figure 5.3.3. Boreholes with wireline geophysical logs. The Crag is absent in the 
coloured area. Blue dots are the Royal Society/UEA boreholes and red dots are the 
Waveney Valley observation boreholes.  For details of the sources, see text and for the 
logs available see Table 5.1. The Crag is absent in the coloured area. National grid lines 
are at 10 km intervals. 
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The log character of a sedimentary unit is unlikely to be diagnostic of a particular 
environment by itself and the log characters of sequences need to be calibrated with 
lithological data, particularly core material (Rider, 1990; Cant, 1992) and any other 
palaeoenvironmental data that are available. In addition, a log shape might indicate high 
clay content in sand because of complex mineralogy (e.g., the presence of muscovite or 
potassium feldspars) and mud clasts. Outcrops can be used to indicate the likely log 
responses to lithological variations in equivalent or similar units buried at greater depths 
below the surface. The continued and widespread use of the basic log correlation for 
fifty years (Selley, 1992) demonstrates that it provides a valuable tool in subsurface 
lithostratigraphic analysis and the GR log provides an additional dataset with which to 
interpret the data produced by others in the deep Crag boreholes.   
 
Comprehensive data for calibrating the log response in the Crag are available from the 
Ormesby boreholes and to a lesser extent in the Ludham boreholes (Figure 5.3.2).  The 
Ormesby boreholes were extensively cored and particle size analysis of the sand 
fraction is available for the lower part of the boreholes (Harland et al., 1991, Figure 5).  
Comparison of the GR log with the particle size analysis and the published lithological 
log for the well (Figure 5.3.5) indicates that there is a close correlation between the GR 
log and the particle size data. The lowest GR values correspond to intervals with the 
coarsest grain size. There appear to be no pure clay intervals in any of the logs and very 
fine sand formed an important component over much of the log.   The variations in the 
percentage of fine sand between -54 and -40 m are reflected in the GR log and there is a 
clear coarsening upward trend from -40 to -30 m in both the particle size analysis and 
the GR log.   However, these trends are not reflected in the lithological log that was 
drawn from visual inspection of the core by Arthurton et al. (1994) (Figure 5.3.5). The 
sharp boundaries at the base of low GR intervals reflect sharp transitions and this is 
shown in photographs a, f and h (Figures 5.3.6, 5.3.7 and 5.3.8).  The log characteristics 
of intervals represented by photographs c, d and e (Figures5.3.6 and 5.3.7) are broadly 
similar and indicate mixed sand and mud. The relative GR readings reflect the slightly 
different proportions of sand and silty clay and without the core the GR log is not able 
to identify the character of the bedding seen in the three intervals.  The GR log provides 
a better descriptor of the gross lithology variations than the published lithological log 
but cannot discriminate the fine detail of the facies.  
 
	   327	  
	  	  	  	  	  	  
	  
 
 
 
 
Fi
gu
re
 5
.3
.4
 T
he
 m
os
t c
om
m
on
 id
ea
lis
ed
 lo
g 
cu
rv
e 
sh
ap
es
 w
hi
ch
 m
ay
 b
e 
co
rr
el
at
ed
 w
ith
 m
an
y 
di
ff
er
en
t c
or
e 
ex
am
pl
es
. T
he
 
m
ul
tip
le
 p
os
si
bl
e 
en
vi
ro
nm
en
ta
l i
nt
er
pr
et
at
io
ns
 a
re
 il
lu
st
ra
te
d 
be
lo
w
 e
ac
h 
cu
rv
e.
 L
og
 c
ur
ve
 sh
ap
es
, i
n 
th
e 
ab
se
nc
e 
of
 o
th
er
 d
at
a,
 
ar
e 
no
t d
ia
gn
os
tic
 o
f 
pa
rti
cu
la
r 
en
vi
ro
nm
en
ts
.  
Th
e 
ve
rti
ca
l s
ca
le
 o
f 
th
e 
lo
g 
sh
ap
es
 c
an
 v
ar
y 
fr
om
 m
et
re
s 
to
 te
ns
 o
f 
m
et
re
s. 
Fr
om
: C
an
t, 
19
92
, F
ig
ur
e 
7	  
	   328	  
The GR logs have been recorded by different equipment of different vintages.  The GR 
measurements are recorded either as counts per second (CPS) or in API units.  The 
absolute values of CPS logs cannot be directly compared with one another as each 
logging tool has its own standard. Logs recorded in API units should have a consistent 
calibration for the measurement of the natural gamma-rays to enable direct comparison 
of gamma-ray logs from different boreholes.  Figure 5.3.9 illustrates the difference in 
the character of the curves between a BPB Instruments GR tool recording in API units 
and a Mt Sopris tool recording CPS run by the BGS from two Ormesby boreholes.   
Although the broad pattern is similar there are marked difference in the horizontal 
amplitudes, a small offset on depth of ~ 1 m and differences in some detail (e.g., from 
10 – 12m).  However, although the surface elevations differ by  ~ 1.5 m between the 
two boreholes, the apparent vertical offset in the log character is in the opposite 
direction to the difference in elevation which probably reflects the uncertainty about the 
actual surface elevations of the boreholes (A. Morigi, personal communication). 
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Figure 5.3.9. Comparison of the gamma-ray logs recorded by Mt Sopris equipment and 
BPB Instruments Ltd in parts of the Ormesby B and A boreholes respectively.  The two 
boreholes are 10.7 m apart. From: Cornwell, 1984, Figure 2. Logs shown with the depth 
below surface and the ~ 1.5 m vertical offset between logs is a result of different surface 
elevations.  
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However, even with logs recorded in API units the actual values and the shape of the 
recorded log will be affected by other factors such as: the sensitivity of the gamma-ray 
counter, the diameter of the borehole, the nature of the fluid in the borehole, the 
software used for processing the data, the logging speed and whether or not the log is 
being run in open hole or through casing. These variables will also affect the vertical 
resolution of beds. The vertical bed resolution of a GR log is ~30 cm under normal 
conditions.  
 
 
Figure 5.3.10. GR logs for two boreholes with the same surface location at Ludham. See 
Figure 5.1 for location map. The same company recorded both logs with CPS units.  PS 
P4 appears to be noisier rather than more accurate than PS P5 in resolving detailed 
variations in bed thicknesses. Vertical scale is in metres. 
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Comparison of the GR logs of two boreholes that are within a few metres of one another 
at Ludham (Figure 5.3.10) illustrates the variations that can occur for other than 
lithological reasons. Hydrogeological Services International recorded both logs in CPS 
units about one year apart.  The curve for PS P4 appears to have more character but this 
may reflect increased noise rather than more detailed resolution.  Only core material 
would help resolve the causes of the difference.   Reliable interpretation and correlation 
of logs depends on the log character or trend within intervals of several metres in 
thickness and abrupt breaks in the pattern rather than the fine detail of the log pattern.    
 
In order to recognise the larger patterns and important breaks in the sequence it was 
necessary to overcome the problem of different horizontal scales in the logs by 
normalising them.   All the GR logs have been redrawn on the same vertical scale and 
stretched or compressed horizontally to fit the distance between the vertical sand and 
shale lines for the Quaternary in each log to a standard width (Figure 5.3.11).  The sand 
line is determined by the lowest GR reading and the shale (or clay) line corresponds 
with the highest GR reading.  Whilst this approach overcomes one problem, it may 
introduce another one in sequences where there are no clean sand or pure clay units.  
However, this approach does not appear to have introduced any significant problems 
that have not been recognised and these will be commented on where needed in 
subsequent sections.  
 
The vertical offset in the correlation of logs by about one metre recorded from 
boreholes that are within a few metres of one another (Figures 5.3.9 and 5.3.10) may be 
due to real differences in elevation, but a consistent offset is more likely to be the result 
of inconsistencies in the depth calibration of the logs. The depth correlation of sediment 
samples recovered whilst drilling or cores with log characters depends on how the 
samples were obtained and the interval sampled. There can also be differences or errors 
in depth measurement. In this study the log depths have been given priority and the 
depths of lithological samples and palaeontological data are adjusted to tie to the log 
depths where necessary. 
 
The data from each of the major boreholes have been integrated and summarized to 
make palaeoenvironmental interpretations and provide a framework for correlation in 
Appendix 3. 
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Figure 5.3.11. Diagram to illustrate the process of normalizing GR logs to a standard 
horizontal scale for ease of comparison and correlation.  The GR curve is stretched or 
compressed horizontally to make the sand and the shale line (note: shale is a 
petrophysical log rather than lithological term) of the individual logs line up with the 
vertical margins of the frame defined by the rectangle template. The horizontal scales of 
the normalized logs are dimensionless but GR values increase to the right. 
 
Lithological data on the deep Crag sequences in other water well boreholes have been 
obtained from the large database held by the BGS (available online at 
http://mapapps.bgs.ac.uk/boreholescans/boreholescans.html).   
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Figure 5.3.12. Comparison of the lithological sequences recorded in the Postthorpe 
Dairy borehole (1945) and the BGS Waveney Valley Project Borehole (1983). For 
location, see Figure 5.3.2 where position is marked as NW21. 
 
The quality and reliability of old borehole records is uncertain (see discussion in 
Chapter 4) and the problems are illustrated by comparison of the 1945 Postthorpe Dairy 
borehole well record with that of a 1983 BGS Waveney Valley Project borehole 
approximately ten metres away at Raveningham (Figure 5.3.12). There are significant 
differences in the depths of lithological boundaries and the nature of the sediment 
recorded. The sand from 4 to 17 m in the BGS borehole contained chalk pebbles and no 
shells and suggests that the earlier water well drillers mistook chalk for shells in the 
upper sands.  The record of shells in old borehole logs cannot necessarily be taken to 
indicate the presence of Crag without supplementary descriptions. 
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5.3.2.3 Borehole correlation sections 
 
A mesh of six correlation sections (Figure 5.3.13 and Figures 5.3.20, 5.3.22 to 5.3.26) 
that cross Norfolk and Suffolk have been constructed to illustrate the subsurface 
stratigraphy The lithostratigraphy and correlation of four key research boreholes will be 
described first: Ludham (Funnell, 1961; West, 1961;), Ormesby (Harland et al., 1991), 
Stradbroke (UEA3) (Beck et al., 1971); and the BGS AS-D borehole near Sizewell 
(Zalasiewicz et al., 1988). Each of the sections will be described and the main elements 
of the stratigraphy will be brought together at the end. 
 
 
The correlation of the subsurface sections of the deep Crag across Norfolk and Suffolk 
has been built on the following premises: 
 
1. After the deposition and subsequent erosion of the Red Crag, the area of Crag 
deposition in East Anglia progressively subsided with the rate of subsidence 
increasing eastwards across the area towards the depocentre. As a result 
depositional strike was approximately north south across most of the area. 
 
2. The accommodation space created by the pre-existing trough and ridge relief, 
basin subsidence and rise in relative sea level led to a progressive infill of the 
basin. Local syndepositional faulting increased the accommodation space in 
the Stradbroke Trough (Bristow, 1983, Hamblin et al., 1997). 
 
3. The lithological descriptions from commercially drilled boreholes cannot be 
relied on and more weight is given to the results of boreholes drilled for 
scientific purposes and those with geophysical, especially gamma-ray (GR), 
logs. 
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4. Most of the sediments were deposited in shoreface, tidal and estuarine 
environments that would lead to complex facies variations over short 
distances, possibly similar to those along the coast of the Netherlands today 
(e.g., Terwindt, 1975; De Jong, 1977; Sha, 1990; Beets et al, 1992) where the 
sediments are continually being reworked by channel or ridge migration 
within tidal and wave systems.  The sedimentary record is likely to have 
preserved multiple short periods of deposition rather than long and 
continuous deposition.  A thick interval (~10 m) may represent a short period 
of time, e.g., an abandoned tidal channel infill (Oost, 1995) and a thin interval 
on the margins of the basin may represent a condensed sequence deposited 
with many breaks over a considerable period of time.  Therefore, depositional 
rates and facies can be expected to vary vertically and laterally within a unit. 
 
5. The inclusion of reworked elements within the fossil flora and fauna is 
indicated by the significant quantities (up to 25%) of reworked older pollen, 
reworked and current sorted foraminifera, assemblages of molluscs from 
different environments and heavily abraded molluscs. 
 
6. Pollen and foraminifera assemblages are not age diagnostic and whilst 
similarities in assemblages may sustain correlations, differences do not 
automatically disprove them (Chapter 3).  The pollen-based stage names are 
not valid stratigraphic divisions. 
 
7. The shelly sands at the base of the sequence are not equivalent to the Red 
Crag in outcrop (Chapter 3).  They may have the superficial appearance of 
Red Crag but where their assemblages have been studied in detail (Ludham, 
BGS AS-D boreholes) the fauna has a Norwich rather than Red Crag 
character (Norton, 1967; Zalasiewicz et al., 1989).  The shelly sands in deep 
boreholes at Beccles (Crowfoot, 1879) and Broome Place, near Bungay 
(Reid, 1890) have also been attributed to the Norwich Crag. 
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8. The area has been subjected to progressive uplift in the west and southwest, 
post the deposition of the Crag (Mathers and Zalasiewicz, 1988; Rose et al., 
2002; Lee et al., 2006; Leeder, 2008; Westaway, 2008). 
 
The correlation of the subsurface Crag sequences is not straightforward owing to the 
complexities inherent in shoreline sequences (Yoshida et al., 2007) and the lack of 
widespread boreholes with detailed sedimentological and palaeontological data.  
However, the analysis of the subsurface has revealed a number of gamma-ray log (GR) 
and sedimentary patterns within sequences or parts of sequences that will be discussed 
and then used to link the lithostratigraphy of the region.  These patterns are: 
 
1. Silty clay marker beds 
2. Coarsening upward sequences 
3. Sequences with irregular GR log responses 
4. Coarser sequences overlain by finer sequences 
5. Gravels 
 
1. Silty clay marker beds 
 
The Chillesford Clay has formed an important historical marker to correlate the Crag 
across Norfolk and Suffolk, particularly by Prestwich (1871 b, c) and Harmer (1900, 
1902, 1910a).  The Chillesford Clay is a bed of frequently micaceous, silty clay, and 
contains thin laminations of fine sands.   Zalasiewicz et al., (1991) substantiated the 
correlation of the Chillesford Clay across Suffolk and extended the correlation across 
Norfolk to the Ludham Borehole (Figure 5.3.1).   However, Woodward (1881), in 
Norfolk and particularly around Norwich, and Hamblin et al. (1997), in Suffolk, were 
sceptical that the beds of laminated silty clay in the Crag constitute a single unit since 
beds of silty clay can exist at several levels and be interbedded with sands and/or 
gravels.   
 
More recent correlations of clay marker beds have been concentrated in the eastern part 
of the basin. This is probably because correlation of individual clay units in the thinner 
sequences in the west is more complex (Woodward, 1881). Clay beds have been 
interpreted to have lateral continuity between boreholes (Downing, 1959; Hopson and 
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Bridge, 1987; Holman et al., 1999) in eastern Norfolk and northeast Suffolk (Figures 
5.3.14 and 5.3.15).   Research boreholes (e.g. Ludham, Ormesby) indicate that the “clay 
beds” in water borehole records are more likely to represent silty clay with fine sand 
laminae than just clay.  Moreover, the borehole lithology descriptions and gamma ray 
logs indicate that the “clay beds” are generally intervals of silty clay with interbedded 
and interlaminated sands in which finer grained sediment (silts and clays) predominates 
but the proportion is not necessarily constant (Appendix 3).  
 
Zalasiewicz et al. (1991) correlated the Chillesford Clay in southeast Suffolk with the 
Easton Bavents Clay near Southwold (Figure 5.3.16).  Further to the North around 
Lowestoft, Blake (1890) correlated interbedded silty clay and sand at Pakefield and 
Corton with the Easton Bavents Clay at Southwold (Chillesford Clay equivalent) on the 
basis of lithological similarity. However, Hopson and Bridge (1987) did not equate the 
silty clays at Corton with their silt unit to the northeast of Beccles (Figure 5.3.14 (b)), 
possibly because West (1980a) had previously assigned the Corton sequences to his 
younger Pastonian stage and the dinoflagellates in their boreholes (Harland, 1984) had 
suggested an older Thurnian or Antian age. 
 
The lower boundary of the silty clay marker beds with the underlying sandier beds can 
be abrupt in the deeper parts of the basin (see e.g. Stradbroke (UEA3) and BGS AS-D 
boreholes, Figure 5.3.20) or transitional and fining upwards (e.g. Ludham, West 
Somerton, Figure 5.3.20).   The upper boundary of the silty clay marker beds can be 
abrupt  (e.g. BGS AS-D, Ludham and Ormesby boreholes) and probably indicates 
erosion in the Ormesby and Ludham boreholes (Appendix 3) but more generally it is 
overlain by a coarsening upward sequence in which the upper boundary of the marker 
bed may be an arbitrary point.   The silty clay intervals within the Crag have generally 
been considered to record deposition in a tidal/estuarine flat environment (West, 1980a; 
West et al., 1980; Harland et al., 1991; Zalasiewicz et al., 1991; Arthurton et al., 1994) 
or shallow lagoons (Gibbard et al., 1996). 
 
Three silty clay marker beds (A, B and C) are identified and correlated across the area 
but are locally absent through non deposition or erosion 
 
	   343	  
 
Figure 5.3.14 (a) Crag surface prior to excavation of the Waveney valley. (b) Horizontal 
section (A-B) showing the relationship between the Crag lithofacies. From: Hopson and 
Bridge, 1987 Figure 2 annotated with boreholes (in blue) studied in this work (B – 
Beccles UEA 1, W- Worlingham; A – Aldeby; YT – Yare Tunnel; UEA 2 – Great 
Yarmouth UEA2) and the location of the Aldeby brickpit (Beck and Norton, 1972). 
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Figure 5.3.16. Outcrop of the Chillesford Clay Member (and correlative Easton Bavents 
Clay) and boreholes mentioned in the text (in blue).  The figure is modified from Figure 
1 in Zalasiewicz et al., 1991. 
 
2. Coarsening upward sequences 
 
Large (5 – 15 m) and small scale (< 5 m) coarsening upward (CU) sequences form a 
significant part of the record. There are well developed CU sequences at the base of the 
Crag in the boreholes on the western margin of the current outcrop (Section B – B’, 
Figure 5.3.22).  CU sequences are also present in the sequences in east Norfolk and are 
often capped by a much shorter fining upward sequence (Section A – A’, Figure 
5.3.20):  in the basal section on the sides of the Ormesby trough and top of the 
Yarmouth Ridge (West Somerton, Somerton and UEA 1 boreholes); above Marker bed 
B in the Ormesby, Sharp Street and Catfield Boreholes and above Marker bed C in the 
boreholes between Somerton and Sharp Street.  Zalasiewicz et al. (1991) interpreted 
large-scale coarsening upward sequences from the lower part of the BGS AS-D 
borehole (-12 to -35 m).   However, inspection of the grain size distributions and 
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lithological descriptions combined with the incomplete core recovery in this and the 
other three boreholes nearby suggests that the interval might have generated an irregular 
GR log response (see next section) rather than the large-scale coarsening upward 
patterns interpreted by Zalasiewicz et al. (1988). 
 
The large scale CU sequences generally reflect progradation in a marine environment 
and the widespread presence of a CU sequence at the base of the Crag suggests a 
generally regressive environment probably due to a prograding shoreface (possibly 
associated with barrier islands) (Reinson, 1992) with tidal sand bars analogous to those 
offshore the Netherlands (Antia et al., 1994).  The presence of higher energy, 
prograding sequences above the fine grained tidal flat deposits of the silty clay marker 
beds indicates both a change in the hydrodynamic regime and probable erosion of the 
silty clay beds prior to the deposition of the CU sequence. 
 
Smaller scale CU sequences are noticeable, along with small-scale fining up sequences 
within many parts of the sequences, notably in those with irregular GR log responses 
that are discussed in the next section 
 
3. Sequences with irregular GR log responses 
 
Sequences with irregular GR log responses characterise many of the boreholes around 
Beccles (UEA 2, Worlingham, Aldeby, Figures 5.3.25, 5.3.26) and in the Stradbroke 
Trough (Stradbroke(UEA3), Stradbroke, Syleham, Needham (Figure 5.3.7) and on the 
Framlingham Ridge (Rumburgh (Figure 5.3.26) and Bedfield (Appendix 3)). Smaller 
scale coarsening and fining up sequences (< 3 m thick) are developed sporadically 
within the sequences of irregular responses.  The finer grained interval with silty clay 
laminae and thin beds in upper part of the BGS AS-D borehole (above -12 m; Figure 
5.3.20) described from cores by Zalasiewicz et al. (1991) would probably generate an 
irregular GR log sequence had one been run.  
 
These sequences record deposition in a shallow marine to estuarine and tidal flat 
environments. Migrating sand bars probably formed the small scale coarsening upward 
sequences. 
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4. Coarser sequences overlain by finer sequences 
 
The classic view of the Crags has been that the Red Crag is coarser and shelly and the 
overlying Norwich Crag is finer grained (Harmer, 1901; Mathers and Zalasiewicz, 
1988; Gibbard et al., 1998). However, coarser shelly sand occurs within the Norwich 
Crag and simple correlations based on lithology can be misleading (Chapter 3). 
Nonetheless, sequences with coarser sands overlain by finer grained sands do exist   
There are two patterns that occur. The first is in the basal section of boreholes in the 
deep troughs (Ormesby, Ludham) where the basal few metres contain a coarse shelly 
sand, often with reworked and heavily abraded fossils that formed as transgressive, 
winnowed shelf sand sheets.  A similar but thinner lithological unit is present at the base 
of the BGS AS-D and Stradbroke (UEA3) boreholes.  Coarser sands that contain 
reworked and abraded fossils occur at the base of the section at Bramerton (Section 
5.2.2) and may be present more widely but have not been recognised.  
 
 Far more widespread is a pattern in which the sequences with irregular GR log motifs 
are divisible into a lower sequence which is marginally coarser grained and an upper 
finer grained sequence in which silty beds and laminae are more common. Each of the 
divisions can reach 20 m in thickness. A shoulder that offsets the mean GR log response 
of the two irregular sequences marks the boundary between them (e.g., see the boundary 
between Units II and III in the Stradbroke borehole on Figure 5.3.18).  The coarser 
sequences probably reflect variable but higher energy shoreface deposits and the finer 
sequences reflect variable but lower energy shoreface and occasional tidal flat deposits.  
 
5. Gravels 
 
Beds of flints at the base of the Crag sequence may be stained green or have evidence of 
encrustation suggesting that they have lain exposed on the seafloor (Section 5.2.2).    
Outcrops of the basal flint bed around Norwich can contain vertebrate fossils and 
Woodward (1881) termed it the Mammaliferous Stone bed. Basal flints are present in 
the Ludham, Stradbroke (UEA3), Syelham and Hoxne boreholes but not in the 
Ormesby, Great Yarmouth (UEA 2), Lowestoft, Southwold and BGS AS-D boreholes 
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(Figure 5.3.2) which suggests that proximity to Pre – Crag Chalk exposure may have 
been a significant factor in their accumulation. 
 
Occasional thin gravels, predominantly of flint, are recorded at various levels 
throughout the Crag but form a more significant component in the Crags along the 
Western margin of the current outcrops between Bungay and Norwich, e.g., Bramerton 
and often contain shells (Woodward, 1881; Section 5.2.2).  The gravels formed as tidal 
channel infills on tidals flats (Bramerton), shoreface gravel bars (Caistor St Edmund, 
Section 5.2.3), tidal channel lags (Caistor St Edmund; Easton Bavents (Sinclair, 1999)), 
wave-cut erosion surface with lags (Caistor St Edmund).  Gravels are also intermittently 
developed above Clay marker beds A and B in the area to the south of Acle (Figure 
5.3.2) 
 
The Westleton Beds (Hey, 1967; Mathers and Zalasiewicz, 1996; Sinclair, 1999) are 
composed of generally thick, shoreface flint gravels and sands that overlie a marked 
erosion surface (West and Norton, 1974, Figure 9; Figure 5.3.20).  However, these beds 
lie above the interval of interest in this study.  The Westleton Beds are best developed in  
 
 
Figure 5.3.17. Location and distribution of Westleton beds in northeast Suffolk; NS is 
location of Norton Subcourse.  Modified from Figure 1 in Mathers and Zalasiewicz, 
1996.  
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northeast Suffolk (Figure 5.3.17) but are recorded further north in the Waveney Valley 
near Norton Subcourse (Hey, 1967; Lee, 2003; Lewis et al; 2004) and possibly in the 
area to the southeast of Norwich (Sinclair, 1999). 
 
5.3.2.3.1 Correlation of major research boreholes at Ludham, Ormesby, Stradbroke 
(UEA3) and AS-D in the Aldeburgh Sizewell area (Figure 5.3.18). 
 
The Ludham and Ormesby boreholes in Norfolk and the Stradbroke (UEA 3) and BGS 
boreholes south of Sizewell in Suffolk (Figure 5.3.2) have been influential in the 
development of the stratigraphy.  The correlation between them will be considered first .  
Three marker beds (A, B and C) have been identified that, when present, form the upper 
boundary of three lithostratigraphical units (I, II and III). 
 
Marker bed A occurs at the top of Unit I and forms the most reliable correlation 
between Ormesby and Ludham.  It marks the top of a predominantly silty clay sequence 
that contains very similar pollen assemblages with 40% arboreal pollen, dominantly 
pine, and relatively high frequencies of Ericales and grasses (West, 1961, Harland et al., 
1991).  
 
However, Harland et al.’s (1991) biostratigraphic interpretation of the Ormesby 
borehole and its correlation with the Ludham borehole indicated significantly different 
ages for the sequences in Unit I (see Figure 5.3.19) although Funnell (referenced in 
Maher and Hallam, 2005a, p. 74) considered it more likely that Harland et al.’s “Pre-
Ludhamian” sediments correlated with the thinner Thurnian interval in the Ludham 
borehole (See also Chapter 3). 
 
The abrupt top of Unit I and the presence of red-stained, possibly reworked, 
foraminifera in the overlying sands of Unit II in the Ormesby borehole suggests that the 
boundary may be an unconformity. Funnell (1961) similarly found brown stained 
foraminifera at Ludham in sediments that he interpreted as lying within the Thurnian 
interval of West (1961), i.e., below the top of Unit I.  However, Funnell’s specimens 
were recovered from a different borehole (The Pilot borehole) at Ludham to the one 
studied by West (1961).  West (1961, p. 446) observed differences in the environmental 
interpretation of the pollen and foraminifera at similar depths in the two Ludham  
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boreholes. Unfortunately, no analyses of the foraminifera from West’s Ludham 
borehole have been published.  Comparison of the GR logs from the Ludham and Sharp 
Street, 0.5 km to the west of Ludham, boreholes indicates significant erosion occurs 
beneath the base of Unit II and when combined with the data from the 
Ormesbyborehole, it seems likely that Funnell’s samples came from Unit II rather than 
Unit I, i.e., not from the interval assigned to the Thurnian by West (1961).  
 
 
Figure 5.3.19. Correlation of Harland et al.’s (1991) biostratigraphic units in the 
Ormesby borehole with those of West (1961) in the Ludham borehole (black lines). The 
data are plotted on the borehole GR logs.  The coloured area represents the alternative 
Thurnian interpretation and correlation by Funnell (quoted in Maher and Hallam, 
2005a) and its top marks the top of Unit I and Marker A in this work.  The base of the 
Crag is 15.5 m higher in the Ludham borehole than it is in the Ormesby borehole. 
 
The correlation of Marker bed B in the Ludham and Ormesby boreholes is formed by an 
interval of silty clay and fine sands with discontinuous pollen records (West, 1961; 
Harland et al., 1991).  Marker bed C is interpreted as missing from these two boreholes 
owing to an erosional unconformity.  The unconformity is overlain by gravels (near the 
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top of the two boreholes) that are correlated with the sandy gravels of the Wroxham 
Crag Formation as the type site for its How Hill Member lies 0.8 km to the west-
southwest of the Ludham borehole and at a similar elevation (Rose et al., 1996). 
 
The silty clay beds near the base of AS-D and Stradbroke (UEA 3) boreholes contain 
poorly preserved palynofloras that are dominated by pine, are normally magnetized and 
have already been correlated with one another by Zalasiewicz et al. (1988) and ascribed 
to the Pre-Ludhamian of Beck et al. (1972).  Harland et al. (1991) correlated the pollen 
assemblages from a silty clay interval near the base of the AS-D borehole with those at 
~ -60 m the Ormesby borehole. Such a correlation is supported by the 40 cm interval of 
normally magnetized sediments in the Ormesby borehole. However, four reasons 
suggest the correlation is not secure. First, the basal sand, below the silty clay interval, 
at Ormesby contains abundant glauconite (visual estimate of 5%, Appendix 3) unlike 
that in the AS-D and Stradbroke (UEA 3) boreholes. Secondly, the AS-D pollen 
assemblages are similar to those described by West and Norton (1974) from a similar 
depth (-35 to – 43 m) in Quay Lane borehole (14 km along strike to the north, Figure 
5.3.13 and Figure 5.3.20) that pass upwards into sediments in which the dinoflagellate 
Operculodinium israelianum (characteristic of the Thurnian interval at Ludham (Head, 
1996, 1998a)) is abundant and the entire interval was originally ascribed to the Thurnian 
by West and Norton (1974). Thirdly, an interval of normally magnetized sediments 
occurs near the top of Marker bed A in the Ormesby borehole in which the 
dinoflagellate O. israelianum (Figure 5.3.20) is also not abundant. Finally, Marker bed 
A is overlain by a 10-12 m thick coarsening upward sequence of variably shelly sands 
with silty clay laminae and beds in both boreholes. 
 
Marker bed B is not demonstrably present in the AS-D and Stradbroke (UEA 3) 
boreholes.  However it is inferred to correlate with the reduction in mean grain size and 
the paucity of shells in the sands of the AS-D borehole.  Thus Unit I equates with the 
Sizewell Member and Unit II with the Thorpeness member of Zalasiewicz et al. (1988) 
in the AS – D borehole. As a consequence, the Thorpeness Member is not equated with 
the Ludhamian interval in the Ludham borehole as proposed by Zalasiewicz et al., 1988, 
1991; Gibbard et al., 1998 and Catt et al., 2006.  The boundary is less clear in the 
Stradbroke (UEA 3) borehole but placed at the shoulder between the two irregular GR 
log sequences.   
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Marker bed C is correlated with the Chillesford Clay Member of Zalasiewicz et al. 
(1991)(Figure 5.3.16).  The bed is missing in the AS-D borehole owing to erosion but is 
present in outcrops to the south, notably at Chillesford and to the north, notably at, e.g., 
Easton Bavents near Southwold and in boreholes (e.g. Captain’s Wood, 9 km to the 
south west, Figure 5.3.2).   
 
The upper part of the Crag in the Stradbroke (UEA 3) borehole contains increased silty 
clay within the sands and in distinct beds and is correlated with the Chillesford Clay. 
Marker bed C is thicker and better preserved in the downfaulted Stradbroke borehole 1 
km to the north of the Stradbroke (UEA 3) borehole (Figure 5.3.22).  Beck (1971) 
assigned the pollen assemblages from the clay at the top of the Crag in the UEA 3 
borehole to the Thurnian rather than the Antian because they contained up to 5 % 
Tsuga.  However, Gibbard et al. (1991, p. 48) explained the complexities in the Early 
Pleistocene pollen records of Tsuga and other Tertiary relict forms thus: “sedimentary 
facies and depositional processes have been important factors in the contemporary 
distribution of the pollen of these plants” and the presence of low percentages of Tsuga 
is not sufficient evidence on which to base a correlation, e.g., Tsuga occurs in the 
West’s (1980a) supposedly younger Pastonian III age sediments. 
 
5.3.2.3.2 Correlation section A – A’ (Figures 5.3.13, 5.3.20). 
 
5.3.2.3.2.1 Introduction 
 
 Section A – A’ links the major boreholes in the coastal region from Happisburgh 
(West, 1980a) to AS-D south of Sizewell (Zalasiewicz et al., 1989) and includes the 
Ludham (West, 1961) and Ormesby (Harland et al., 1991) boreholes. The northeast 
trending ridges and troughs at the base of the Crag are pre-Crag erosional features 
(Chapter 4).  The relative elevations of the base of the Crag have been further modified 
by a slight regional tilt to the east in response to subsidence in the southern North Sea 
during the Pleistocene (Chapter 4).  Thus, the line of the section is essentially parallel to 
the strike across the Ludham Trough from Happisburgh to Ludham and Malthouse Lane 
whereas it runs parallel and oblique to the local regional tilt down the flank of the  
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Ormesby trough to Ormesby. From Ormesby the section continues southwards broadly 
parallel to the regional strike.  
 
The initial discussion will focus on the area between Happisburgh and Ormesby 
before extending the correlation southwards.  
 
5.3.2.3.2.2 Happisburgh to Ormesby  
 
The correlation of the Crag in the Ormesby and Ludham boreholes is described in the 
preceding section 5.3.2.2. 
 
West (1980a, p. 13) suggested, on the basis of pollen assemblages, that the silty clay 
interval at around -20 m OD in the Happisburgh borehole correlated with his Thurnian 
or Baventian interval in the Ludham borehole. Holman et al. (1999) implicitly accepted 
West’s (1980a) correlation of the silty clay at Happisburgh with the Baventian interval 
at Ludham and correlated it with the silty clay intervals at ~ -20 to -25 m in the two 
Catfield boreholes. However, it seems more likely that the silty clay intervals in the 
Catfield boreholes and Happpisburgh correlate with Marker bed A the top of Unit I in 
Ludham borehole on the basis of their elevation and thickness. 
 
Subunit I (i) occupies the basal parts of the troughs and contains coarse to medium 
shelly sand and appears to be sandier in the Ludham and Sharp Street boreholes than in 
those further down dip at Catfield and Ormesby.  An alternative explanation for the 
reduced proportion of sand indicated by the GR log character in the Catfield boreholes 
is that the basal part of the sequence is London Clay Formation and the base of the Crag 
rises more steeply to the north than currently mapped (Figure 5.3.21).  Unfortunately, 
the GR logs at Catfield are very noisy and the lithology records poor so further 
boreholes would be necessary to resolve the uncertainty. 
 
Subunit I (i) is interpreted as a transgressive, shallow marine, sand sheet complex 
(Appendix 3). 
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Subunit I (ii) onlaps on to and over the Ludham ridge, indicating that it was buried prior 
to the deposition of Unit II. The base of Subunit I (ii) is defined by the marked 
reduction in the mean grain size of sands at the boundary with Unit I (i). The unit has a 
complex internal geometry as there are significant variations in the proportion of sand 
and silty clay in the lower part of the subunit, both laterally and vertically within the 
deeper parts of the troughs. For example, the overall fining upward sequence clearly 
visible in the Ludham borehole is not identifiable in the other Ludham Trough 
boreholes and the GR log indicates a coarsening upward trend in the upper part of the 
Unit in the Catfield No 2 borehole.  However, Marker bed A is recognisable except 
where it has been removed by subsequent erosion, as in the Sharp Street borehole.  
 
The sequences on the flank of the Ormesby Trough, in the Somerton and West 
Somerton boreholes, have a distinctive coarsening upward sequence on the GR logs. 
The top of the coarsening upward sequence is correlated with top of the sandy interval 
at the top of Subunit I (ii) in the Ormesby borehole. 
 
The subunit is interpreted as having been deposited in a shallow marine tidal sand 
complex that passed upwards into a tidal or estuarine mudflat deposit: Marker bed A. 
The thicker, fine grained intervals in the Ormesby borehole might, in part, represent 
abandoned tidal channel infills (Oost, 1995). 
 
The base of Unit II is marked by an unconformity that in the centre of the troughs is 
overlain by a coarsening upward sequence (see: Ormesby, Sharp Street and Catfield 
boreholes) where as on the flanks of the Ludham Ridge the coarsening upward character 
is suppressed.  Beds of silty clay and occasional seams of gravel occur within the 
overall coarsening upward sequence.  The top of the unit is represented by the silty clay 
interval of Marker bed B that is readily recognizable on the GR logs in the Ormesby and 
Ludham boreholes. The relatively low level of Marker bed B in the West Somerton 
borehole is explained by the Crag sequence being on the downthrown side of a fault that 
intersects the Palaeogene sediments and has a throw of 10 – 15 m (Figure 5.3.21). 
 
Less information is available for Unit III as it is largely devoid of fossil remains except 
for the pollen and dinoflagellates at the base of the section in the Ludham borehole 
(West, 1961, Head, 1996).  The sediments are predominantly fine to medium sands, 
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occasionally coarse grained with occasional thin gravels and silty clay beds and 
laminae.  The sands contain occasional mud flakes and appear to be structureless in the 
Ormesby borehole cores.  The top of the unit is marked in this area by the base of a thin 
gravelly sand that is tentatively correlated with the Wroxham Crag that outcrops at How 
Hill 0.8 km to the west-southwest of the Ludham borehole and at a similar elevation 
(Rose et al., 1996a).  The silty clay and fine sands in the Happpisburgh borehole (and 
attributed to the Pastonian by West, 1980) are correlated with Marker bed C which is 
missing to the south owing to erosion prior to the deposition of the Wroxham Crag. 
 
The unit is interpreted as having been deposited in a shallow marine tidal sand complex 
and Marker bed C represents muddy tidal/ lagoonal flats.  
 
5.3.2.3.2.3 Ormesby to BGS AS – D borehole 
 
The distance between boreholes and the type and quality of information available in this 
part of the section is more variable than to the north.  
 
The Great Yarmouth UEA 2 borehole was drilled to re-investigate the section above the 
London Clay at Great Yarmouth described from an 1840 borehole by Prestwich (1860).  
Whilst Prestwich attributed the entire 52 m sequence to recent beach and estuarine 
deposits the Lord Papers indicate the base of the Holocene lies at around -24 m. Silty 
clay marker beds bound a coarsening upward sequence in this borehole. The borehole is 
on strike with the Ormesby borehole but the base of the section is much shallower as it 
is located on top of another erosional ridge (Yarmouth Ridge).  The similar thickness of 
the coarsening upward sequence and the spacing of the silty clay marker beds suggests 
that the sediments belong predominantly to Unit II with Marker bed A of Unit I present 
at the base of the section having onlapped the Yarmouth high. Marker bed B was also 
encountered at a similar depth to that in the UEA 3 borehole in two boreholes for the 
Yare tunnel, 2 km to the south.  Pollen assemblages from Marker bed B in the Yare 
Tunnel boreholes contained high percentages of arboreal pollen and were correlated by 
Beck (1971) with West’s Ludhamian interval at similar depths at Ludham.  However, 
the similarity of depth is a function of the Yarmouth boreholes having been structurally 
higher during deposition but subjected to greater postdepositional subsidence than the 
Ludham borehole as they lie 14 km further to the east.  West (in Green and Hutchinson, 
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1965) described a sparse and poorly preserved pollen assemblage from silty sands and 
clays a few metres below the surface in the Turbine House borehole and suggested the 
sediments might equate with Blake’s (1890) Chillesford Beds at Corton (West (1980a) 
later assigned the beds at Corton to his Pastonian). These beds are considered to 
represent the lateral equivalents of the Chillesford Clay and form the third Marker bed 
C and the top of Unit III.  
 
The boreholes at Lowestoft and Southwold were drilled in Victorian times for water 
supplies and members of the Geological Survey examined specimens from them.   
Newton (in Whitaker, 1906, p. 89) considered that the shelly sands of Unit II at 
Lowestoft “looks like being Red Crag” and Harmer (1898b, p. 443) considered the 
fossils from the shelly sand of Unit III at Southwold were “distinctly of the Norwich 
Crag type” although Reid (1890, p. 104), who actually examined the specimens, 
considered that the fossils were “not sufficient to allow any separation of the horizons”.   
Marker Bed A appears to be much thicker in the commercial borehole at Quay Lane, 
Reydon (West and Norton, 1974) than at Southwold. Marker bed B is very thin or 
possibly missing through erosion at Quay Lane.  The correlation of Marker bed A 
between Quay Lane and the AS-D borehole is discussed above (section 5.3.2.2). 
 
The site investigation contractors for the Sizewell power stations divided the Crag 
sequence into three lithological subdivisions (b(i), b(ii), and b(iii)) using their extensive 
boreholes (West and Norton, 1974) and these subdivisions are shown on the section. 
The top of the basal unit (b (i)) varies in relief by over 10 m (West and Norton, 1974, p. 
11) and may be depositional (e.g., large scale bedform, see Zalasiewicz et al., 1988) or 
the result of erosion which would also explain the absence of Marker bed B at this level. 
 
The Holocene deposits in the upper part of the Lowestoft and Great Yarmouth 
boreholes are fluvial and beach deposits related to fluvial incision associated with 
lowered sea levels (Arthurton et al., 1994). The Westleton beds at Quay Lane and 
Southwold lie on a marked erosional surface on top of the Crag (West and Norton, 
1974, Figure 9) that has cut down below Marker bed C that outcrops to the north, just 
above sea level at Easton Bavents. Thin fluvial Kesgrave Sands and Gravels overlie the 
Crag in the AS-D borehole (Zalasiewicz et al., 1988, Figure 3). 
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5.3.2.3.3 Correlation section B – B’ (Figures 5.3.13, 5.3.22) 
 
Section B-B’ extends southwards from Bramerton in the north close to the western 
margin of the current Crag outcrop and into the deepest part of the Stradbroke trough 
ending at the borehole at Debenham (Figure 5.3.13). Synthetic GR logs have been 
drawn to represent the sequences at Bramerton (and Caistor St Edmund in section D-D’) 
using the data in sections 5.2.2 and 5.2.3 and comparisons with the logs and core 
material in the Ormesby borehole (Appendix 3). 
 
Marker bed A is present in the Stradbroke (UEA3) (Section 5.3.2.2), Stradbroke and 
Debenham boreholes. Funnell and Booth (1983) used foraminifera to assign the sands 
in the Debenham borehole to the Ludhamian and the mollusc assemblages are 
comparable to those in the AS-C borehole (close to the AS-D borehole, Figure 5.3.3) 
near Sizewell (Zalasiewicz et al., 1988, p. 257).  No mollusc data are available for the 
Stradbroke (UEA 3) borehole.  The ~ 10 m offset in the elevation of Marker bed A 
between the Stradbroke (UEA3) and Stradbroke boreholes is the result of a fault which 
passes through Marker bed A in the Stradbroke borehole.  Movement on the fault 
appears to postdate the Crag as the correlation of GR log events within and at the top of 
the Crag are offset by similar amounts. The sands at the base of Unit I in the Stradbroke 
(UEA3) borehole appear to be finer grained and contain more silty clay than the sands 
in the Unit in the AS-D borehole to the east. The boreholes on the flanks of the trough 
at Syleham and Needham contain a coarsening up sequence of silty clay and 
subordinate sands that is equated with Unit I.  The coarsening upward sequence is 
analogous to that seen in Unit I on the northern margins of the Ormesby Trough 
(section 5.3.2.3.2).  A similar sequence occurs in the Hoxne borehole (Figure 5.3.2; 
Appendix 3). The pollen assemblages from Unit I in the Syleham and Hoxne boreholes 
are pine dominated and more diverse than those recorded in the Stradbroke (UEA3) 
borehole and were originally assigned to the Thurnian (Beck, 1971). The pollen 
biostratigraphy in Beck (1971) implies, improbably, that there is an erosional 
unconformity at the base of the Thurnian that drops by at least 40 m over a distance of 5 
km between the Stradbroke (UEA3) and Syleham boreholes.  The coarsening upward 
sequence of Unit I can be seen as far northwards as the Bungay borehole and possibly to 
the basal part of the section at Bramerton (Section 5.2.2.3).  
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Marker bed B has been interpreted at the top of the Crag sequence in Bramerton and 
Bungay.  A borehole at Outney Common, 2 km to the east of the Bungay borehole 
(Figure 5.3.2) encountered interbedded sands and silty clay with a pollen sequence 
(dominantly arboreal) between OD and -10 m that West (1988) interpreted as recording 
a transition from an earlier cold to warm (probably Bramertonian stage) climatic phase.  
The pine dominated pollen (cold) assemblage at Outney Common has similarities with 
that ascribed to the Thurnian stage by Beck (1971) in the Syleham borehole and to the 
Pre –Pastonian a substage at Blake’s Pit, Bramerton by Funnell et al. (1979).  It has not 
been possible to extend the correlation of Marker bed B south of Bungay reliably on 
this section. As in the southern end of section A-A’, the stratigraphical position of 
Marker bed B has been correlated with the boundary between the coarser intervals with 
irregular GR motifs and finer grained sands at the base of Unit III in the Stradbroke 
boreholes and possibly equates with the silty clay in the Debenham borehole.   
 
Marker bed C is possibly present at the top of the Crag in the Stradbroke boreholes and 
is missing through erosion in all the other boreholes. 
 
The top of the Crag in this section appears to be erosional beneath sands and gravels 
that may be fluvial or glaciofluvial in origin. A number of boreholes, next to the 
Syleham borehole, encountered a ~1 m interval of peat at 10 m OD (Lord, 1972). The 
peat occurs close to the top of the Crag and West recovered pollen assemblages from it 
that are comparable to those from the Cromer Forest-bed (Lord papers).  The location 
and elevation of this peat suggest that it is probably associated with either the Warren 
Hill or Timworth Terrace of the Middle Pleistocene River Bytham (Lee et al., 2006; 
Rose, 2009).  The Crag in the area around and to the north of Bungay can include 
gravels (Woodward, 1881) and so the definition of the top of the Crag may be 
ambiguous in this area. 
 
5.3.2.3.4 Correlation section C – C’ (Figures 5.3.13, 5.3.23) 
 
This correlation section runs approximately north northeast – south southwest from 
Stradbroke to Ilketshall along the axes of the Stradbroke and Ilkethall troughs and then 
turns northward and along regional strike to join the Acle and Ludham boreholes.  The 
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correlation of the Ludham and Stradbroke (UEA3) borehole is discussed in section 
5.3.2.2 above.  
 
 
The Acle borehole section is a composite of a large number of consistent site 
investigation boreholes to the south of Acle (see Arthurton et al., 1994, Figure 46 and 
BGS borehole records) and a deep borehole at Acle School from which samples were 
examined by BGS staff whilst it was drilled (BGS borehole ref: TG41SW42). The Acle 
composite section is along regional strike from the Ludham borehole (although 
separated from it by the Ludham Ridge) and Marker bed A is placed at the top of a 
persistent silty clay bed on top of shelly, medium grain sands.  Marker bed A is missing 
in some of the boreholes south of Acle and locally a gravel is present between it and 
Marker bed B reflecting the erosion at the base of Unit II seen in the Ludham area. A 
bed of shelly sand and gravel marks the top of the Crag and is interpreted as Wroxham 
Crag (Arthurton et al., 1994) although it may be part of Unit III. 
 
 
No palaeontological data are available for the Ilketshall borehole.   However, the 
sequence in the Broom Place borehole, 5 km to the northwest, encountered a similar 
sequence, with some gravels, and Norwich Crag shells (Reid, 1890) at the same depth 
as the Unit I sands.  The identication of Marker bed B is based on correlation logic that 
links the Ilketshall borehole to Stradbroke via the Bungay and Outney Common 
boreholes, 6 to 4 km to the west respectively (See section E- E’, Figure 5.3.25 and 
section B – B’ Figure 5.3.22) and its elevation along regional strike from the Ludham 
and Acle boreholes.  The difference in level of the top of the Crag between Stradbroke 
and Ilketshall reflects the extensive erosion in the Waveney valley area post the 
deposition of the Crag, in part at least, by the younger, Early to Middle Pleistocene 
Bytham River (Lee et al., 2006; Rose, 2009) 	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5.3.2.3.5 Correlation section D – D’ (Figures 5.3.13, 5.3.24) 
 
This log correlation runs WSW to ENE and slightly oblique to the regional dip between 
Caistor St Edmund and the Ormesby borehole. The Acle and Ormesby boreholes are 
separated by the Hales Ridge that was formed by Pre-Crag erosion of the Palaeogene 
sediments (Figure 4.17), although this is not shown on the correlation section. The 
correlation indicates that the three Units (I, II and III) thicken downdip and the basal 
two onlap at the base towards the west. 
 
 
The section correlates Marker beds A and B in the deeper parts of the basin with 
subunits 2d and 2f respectively at Bramerton (Section 5.2.2). Marker bed A is 
interpreted as absent at Caistor St Edmund and Marker bed B has been correlated with 
the erosional surface and gravel lag of Unit E and the underlying Unit D channels that 
are filled with silty clay and sand beds (Section 5.2.3). 
 
5.3.2.3.6. Correlation section E-E’ (Figures 5.3.13, 5.3.25) 
 
This log correlation runs eastwards from Bungay across the Ilketshall Trough to UEA 1 
at Beccles on the northern end of the Framlingham Chalk Ridge, on to Worlingham and 
then southwards into the deeper part of the basin around Southwold. The correlation of 
the silty clay marker beds and the lithological units in the area around Beccles is 
complicated by erosion and different facies developments. 
 
The Beccles UEA 1 borehole (Lord, 1969a) was drilled next to two Victorian boreholes 
described originally by Crowfoot (1879). Unfortunately the character of the GR log in 
the Beccles UEA 1 borehole may be distorted and the clay beds responses may be 
drastically over emphasized (Appendix 3). The lower part of the Crag has a coarser 
grained irregular GR character that is overlain (at – 10 m) by a sequence with a finer 
grained irregular GR log character. Two marker beds (B and C) are recognized within 
the finer grained irregular GR sequence. Marker bed C lacks any pollen or fossils but 
was identified as the Chillesford Clay in the original borehole by Crowfoot (1879) on 
the basis of lithology and has similarities with outcrops of silty clays around Beccles 
(Woodward, 1881).  The sands between Marker beds B and C contained a range of 
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typical Crag molluscs (Crowfoot, 1879). However, rounded chalk pebbles were 
recorded within 2 m of shelly sands above Marker bed B in the UEA 1 borehole (Lord 
papers) and as that is unusual for the Crag it suggests the sequence above Marker bed B 
may be formed of younger glaciofluvial sediments. Marker bed C in UEA 1 is 
correlated with the silty clay interval that contains pollen assemblages with 30 – 40% 
arboreal pollen in the Aldeby brickpit (660 – 800 cm in Norton and Beck (1972) at ~ 5 
m OD, 4 km to the north; Figure 5.3.13) and the silt bed described by Hopson and 
Bridge (1987) that contains a dinoflagellate assemblage dominated by O. israelianum at 
3 m OD in the BGS borehole immediately to the north of Aldeby brickpit (top of the 
Crag at 8 m in Figure 5.3.214, Harland, 1984).  Both the pollen assemblage and 
dinoflagellate assemblages are similar to those recorded in the Easton Bavents Clay 
(Chillesford Clay equivalent) by Funnell and West (1962) and Zalasiewicz et al. (1991) 
respectively. 
 
Marker bed B lies above the boundary between the coarser and finer irregular GR log 
sequences in the Beccles UEA 1 borehole but it contains a pollen assemblage dominated 
by arboreal pollen (60 – 80%) that is similar to that found in the sands and silty clays 
immediately below in the coarser grained sequence and was assigned to the Ludhamian 
by Beck (1971).  The percentages of arboreal pollen are similar to those described by 
Beck (1971) from the Yare Tunnel boreholes at Great Yarmouth (Figure 5.3.2) and 
assigned by him to the Ludhamian and to those described by West (1988) from the 
Outney Common boreholes that are close to and on the same level as Marker bed B in 
the Bungay borehole (West (1988) assigned part of his sequences to the Bramertonian). 
 
The Worlingham borehole lies to the east of the line of the Tofts Monk Ridge (Hopson 
and Bridge, 1987, Figure 5.3.14) but does not contain Marker bed B as it is probably 
missing through erosion at the base of the finer grained, irregular GR sequence of Unit 
III (although the boundary is quite subtle in this borehole it is obvious and at the same 
level in the Aldeby borehole due north along the regional strike (Figure 5.3.2, 
Correlation section F – F’, Figure 5.3.26).  Shells are not recorded within the Crag of 
this borehole, unlike Aldeby and Bungay, and it is not possible to determine if the 
absence is due to contemporaneous non-deposition or erosion or post-depositional 
decalcification.  The thin high GR interval at the top of the Crag sequence contains 
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clays with high carbon contents (Toms, 2003) and is probably related to the younger 
fluvial deposits associated with the River Bytham.  
 
The correlation of the Beccles area with the Southwold area suggests that Marker bed A 
is probably missing through non-deposition or erosion over and around the 
Framlingham Chalk Ridge.  Marker bed B in the Southwold Waterworks borehole is 
correlated with the boundary between the coarse and fine grained irregular GR log 
intervals in the Beccles area.  
 
The Ilketshall borehole is situated in an asymmetric trough whose southeast side is on 
strike with the major bounding fault of the Stradbroke Basin to the the south (Figure 
4.17) but separated from it by the Mendham Ridge. 
 
5.3.2.3.7 Correlation section F – F’ (Figure 5.3.13, 5.3.26). 
 
This correlation section runs from the Stradbroke Trough across the Framlingham 
Ridge  and then along the Yarmouth Ridge.  The effects of post depositional uplift in 
the Stradbroke trough are visible in this correlation section and will be discussed in 
more detail in Chapter 6.  The presence of Marker bed A and Unit I on either side, but 
not on top, of the Framlingham Chalk Ridge suggests that the Ridge was a topographic 
high at the time of deposition.  The boundary between the coarser and finer irregular 
GR log intervals corresponding to lithofacies Units I and II can be traced from 
Stradbroke (UEA 3) to Aldeby and indicates the level of relative movement across the 
area in post Unit II times.  The ~8 m offset in the elevation of this boundary between 
Beccles and Aldeby (and Worlingham) boreholes is consistent with the displacement of 
the silt beds across the edge of the Tofts Monk ridge recorded by Hopson and Bridge 
(1987)(Figure 5.3.14). 
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5.3.3. Discussion and synthesis of correlations 
 
The Crag sequence has been divided into three lithofacies units (I, II and III) capped by 
silty clay marker beds (A, B and C respectively).   
 
Lithofacies unit I is thickest in the troughs at Ludham (30 m) and Ormesby (24 m) and 
decreases westwards and south-westwards, possibly in response to differential 
subsidence.  The unit thins through onlap over the pre-existing erosional ridges and is 
absent from much of the Framlingham Chalk Ridge. Marker bed A is of variable 
thickness but appears to be thickest in the south and reaches a maximum of 10 m in the 
Stradbroke Trough. 
 
Lithofacies II is thickest in the south in the Sizewell and Stradbroke Troughs where it 
reaches 25 – 30 m compared to 10 – 15 m in the centres of the Ludham and Ormesby 
Troughs. As with Unit I, this unit generally thins westwards (outside the troughs) in 
response to differential subsidence and thins through onlap over pre-existing highs.  
Unlike Unit I, it was deposited across the northern parts of the Framlingham Chalk 
Ridge.  Marker bed B reaches a maximum thickness of 8 m in the Ormesby borehole 
and can be recognised in the deeper parts of the basin and in the northern area but is not 
present in the south of the area (Stradbroke and Sizewell troughs).   
 
Lithofacies Unit III consists of generally finer sands than Unit II in the south but is 
composed of coarser sands in Norfolk and reaches its maximum thickness in the area 
between Lowestoft and Great Yarmouth (~ 30 m).  Marker bed C equates with the 
Chillesford Clay member and its equivalents, and it is missing over most of Norfolk 
beneath a polygenetic erosion surface overlain variably by the Westleton beds, 
Wroxham Crag, Bytham River or glacigenic sediments. 
 
The age of the lithofacies units is ambiguous, in part because of the possible reworking 
of fossils within the sequence. If one accepts that the presence of the foraminifera 
Neoglobotruncana atlantica within Lithofacies Unit I is not the result of reworking then 
it indicates a minimum age of 2.4 Ma (Gradstein et al., 2005). Mayhew (2011) dated 
arvicolid assemblages from shelly sands 3 m below the Easton Bavents Clay (Marker 
bed C at the top of Lithofacies Unit III) at Easton Bavents as probably being between 
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2.25 and 2.35 Ma on the basis of correlations with the arvicolid biozonation of South 
East Europe.   He suggested that the earlier correlation of the normal polarity of the 
Easton Bavents Clay with the Olduvai magnetic subchron (1.77 – 1.95 Ma)  (Funnell, 
1995; Maher and Hallam, 2005) may not be valid.  Mayhew (2012) also suggested that 
the arvicolid assemblages from sediments assigned to Lithofacies Units I and II at 
Bramerton are probably older than those at Easton Bavents. The Ormesby borehole 
contains the best palaeomagnetic record within the Crag sequences (Figure 5.3.20).  
Nevertheless, the record in this borehole is discontinuous and, apart from a thin interval 
of normal magnetic polarity in Marker bed B, is confined to Lithofacies Unit I and 
contains two intervals of normal polarity and two of reversed polarity.  The 
palaeomagnetic record between 2.1 Ma and the base of the Early Pleistocene (2.6 Ma) is 
predominantly reversed but contains five separate intervals of normal polarity (Figure 
5.3.27).  The combination of the palaeomagnetic polarity data and the age of the 
arvicolids and the foraminifera, N. atlantica, suggests that the age of Lithofacies Units I 
to III ranges between > 2.6 Ma and ~2.2 Ma (if the oldest interval with normal normal 
polarity  belongs to the Gauss magnetochron) and is significantly older than previously 
envisaged. 
 
The Crag sequences accumulated during a period in which there was an overall rising 
trend of global eustatic sea level between ~ 2.5 ma to 2.3 Ma of the order of 20 m 
(Sosdian and Rosenthal, 2009), although obliquity and precession-driven changes also 
occurred within the trend.  The accommodation space for the 60+ m of Crag deposits 
clearly exceeded that provided by a eustatic rise in sea level and was created 
predominantly by progressive subsidence that increased eastwards. The Crag sediments 
accumulated on a shallow sea floor on the margins of the basin that was formed of an 
eroded surface of troughs and ridges that gently sloped towards the main depocentre, 
more than 200 km to the northeast. This situation would make the hydrodynamics and 
sediment supply to the depositional environments particularly sensitive to changes in 
bathymetry, coastal morphology or shelf width (Yoshida et al., 2007).  
 
For the marker beds to have lateral continuity they must represent significant events that 
affected most if not all of the area. There are no records of fluvial sediments within the 
Crag sequences that record a significant drop in relative sea level, unlike the younger 
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Wroxham Crag and Cromer Forest bed sequences (Rose et al., 2001; Rose, 2009). The 
thickness and lateral extent of the shallow coastal/estuarine sequences capped by muddy 
 
 
Figure 5.3.27. Palaeomagnetic polarity record of the Early Pleistocene (from Cohen and 
Gibbard, 2011) annotated with key Crag palaeontological data (Gradstein et al., 2004; 
Funnell, 1987; Mayhew, 2011) and probable age of Lithofacies Units I, II and III. 
 
tidal flat deposits suggests that the units represent prograding, highstand, open coast or 
tidal deltaic deposits (Dalrymple, 1992) in which the supply of sediment kept pace with 
or slightly exceeded the accommodation space created by subsidence and rising sea 
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level.  The boundaries of these units are probably diachronous. The interpretation of 
prograding highstand deposits implies that the upper surface of the tidal flat marker 
beds is defined by an erosion surface related to a transgression associated with a relative 
rise in sea level.  The relative rise in sea level was probably more closely related, 
directly or indirectly, with the subsidence in the basin rather than to changes in global 
sea level. Subsidence is also considered to be more important than eustatic sea level 
change in the geometry of the Eridanos delta seismo-stratigraphic units to the northeast 
(SØrensen et al., 1997; Overeem et al., 2001). 
 
The model presented here attempts to integrate the subsurface records and outcrops of 
the Early Pleistocene Crag in Norfolk and Suffolk in a way that gives primacy to the 
depositional and tectonic context and considers the palaeontology but is not constrained 
by previous biostratigraphic paradigms.   The imperfect and patchy nature of the 
geological records and the complexity of the depositional environments means that 
there are still uncertainties and simplifications within the model.  The relationship of the 
Crag sequences in Suffolk to those in Norfolk is not fully resolved.  The model will 
undoubtedly be revised as more and better quality data becomes available. However, the 
model does offer a consistent process-based framework within which to consider 
tectonic and palaeoenvironmental reconstructions and to relate the local geology with 
wider palaeoenvironmental and geological contexts. 
 
 
5.3.4 The relationship of the Lithofacies Units I, II and III to other Crag deposits 
to the south 
 
The three lithofacies units are younger than the classic Red Crag outcrops in southeast 
Suffolk.  The outcrops of the Red Crag and Coralline Crags were progressively 
onlapped during the deposition of lithofacies Units I, II and III such that at the classic 
Chillesford Church pit location (first described by Prestwich in 1849) the basal sand 
containing reworked Red and Coralline Crag shells (Scrobicularia Crag) of Lithofacies 
Unit III lies on Red Crag (Long, 2000, Markham, 2000). 
 
The College Farm silty Clay at Great Blakenham that was deposited on a tidal flat or in 
a lagoon (Gibbard et al., 1996; Moorlock et al., 2002) is located on the Framlingham 
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Ridge near Ipswich with an elevation of ~50 m and is correlated with Marker bed C.  
The thin sequence of sands beneath the College Farm silty Clay that rest on an irregular 
chalk surface at around 40 m OD Chalk are also assigned to Lithofacies Unit III.  The 
correlation of the various outcrops assigned to the Creeting Sands in the area around 
Ipswich (Dixon, 1978) is unclear and they are provisionally assigned to Lithofacies Unit 
III because of their elevation on the Framlingham Ridge. 
 
Crag sediments extend soutwestwards from the Stradbroke basin within a number of 
fault guided basins  (Bristow, 1983) and are also present on the ridge along the 
southeastern side of the fault guided basins (Mathers and Zalsiewicz et al., 1988) 
(Figures 4.14 and 4.16 in Chapter 4). Mathers and Zalasiewicz (1988) observed that the 
sediment they assigned to the Red and Norwich Crags in Essex occur in relatively thin 
parallel sheets with almost identical distribution and elevation. It is difficult to separate 
the Norwich and Red Crag on lithological grounds in mid Suffolk (Bristow, 1983) and 
in the coastal regions of north Suffolk (Gibbard et al., 1998) and there is no compelling 
palaeontological evidence to include the basal coarse sediments in Essex in the Red 
Crag.  It is more likely that the coarser and shelly sediments in Essex and the top of the 
Framlingham Ridge formed as the transgressive and/or marginal sequence at the base of 
Lithofacies Unit III.  
 
 
5.3.5 The relationship of the Lithofacies I, II and III model to the sequences in the 
southern North Sea and in the Netherlands. 
 
The unconformity at the base of the Westkapelle Ground Formation reflects the most 
extensive transgression at the southern end of the Southern North Sea in Early 
Pleistocene times (Cameron et al., 1989).  The unconformity at the base of the 
Lithofacies Units I – III sequence is correlated with that of the Westkapelle Ground 
Formation and they record the same transgression. This correlation is consistent with 
that of Funnell (1995, 1996a).  The scale of this transgression suggests that it is 
probably associated with basin-wide events in the southern North Sea where the 
depocentre lay beneath the giant Eridanos (Baltic River) deltaic complex more than 100 
km to the northeast. As a consequence of this correlation of the unconformities, the 
offshore Red Crag of Cameron et al. (1989, 1992) is now directly correlated with the 
Red Crag in outcrop in southeast Suffolk. 
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Seismo-stratigraphic and biostratigraphic studies of the Eridanos deltaic system indicate 
that between 2.6 (MIS 103) and 2.1 Ma (MIS 81) sediment accumulation rates were 
very high and water depths in the depocentre were greater than in the time before and 
after this period (Overeem et al., 2001; Kuhlmann and Wong, 2008). The ~20 m 
increase in average sea level between ~ 2.5 Ma to 2.3 Ma and its subsequent decline 
(Sosdian and Rosenthal, 2009) would not have been sufficient to provide the 
accommodation space for the rapidly accumulating Eridanos deltaic system. Therefore, 
it is reasonable to infer that a period of basin subsidence commenced around 2.6 Ma 
that also initiated the extensive transgression associated with the Westkapelle Ground 
Formation on the southern margins of the basin.   
 
The thickness of the Westkapelle Ground Formation in the southern North Sea is 
generally between 25 and 50 m, and has a maximum of 75 m, and thins westwards 
towards the East Anglian coast (Cameron et al., 1989).  Lithofacies Units I, II and III 
have a combined thickness in excess of 60 m on the margins of the North Sea and that 
suggests they may include younger seismo-stratigraphic units.  However, the thickness 
may reflect deposition in a more proximal and thicker prograding sedimentary wedge. 
Funnell’s (1996) correlation of the Smith’s Knoll, IJmuiden and Crane Formations with 
the Antian and Norwich Crag, broadly equivalent in part to lithofacies Unit III, was 
based predominantly on palaeontological grounds and therefore not considered reliable 
(Chapter 3). However, the upper age suggested for Lithofacies Unit III is 2.2 Ma and 
should the ages given by De Mulder et al. (2002, Figure 176) for the Smith’s Knoll 
Formation (2.4 to 2.5 Ma) and the Ijmuiden Formation (2.0 to 2.4 Ma) be reliable (no 
evidence for the dates is presented) then Funnell’s correlation may be correct.  
Currently, there is no other reliable basis on which to base such correlations with the 
offshore sequence. 
 
The similarity of the shallow marine/ tidal facies of the Maassluis Formation onshore 
the Netherlands with that of the post-Walton, Red Crag and Norwich Crags (equivalent 
to lithofacies Units I, II and III) has led to their correlation, although there are some 
differences in their fossil records (Meijer in Gibbard et al., 1991; Funnell, 1996). This 
correlation is accepted here. Jansen et al. (2004) recognised two facies within the 
Maassluis Formation that had distinctive GR and spontaneous potential log patterns: 
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medium grained sands with a blocky GR pattern (similar to the irregular patterns 
described in section 5.3) that were equated with intertidal and aeolian deposits and 
medium to coarse sands in coarsening upward cycles attributed to subtidal deposits.  
The relationship of GR patterns to sedimentary environments in the Netherlands does 
not accord with the data from East Anglia.  Jansen et al. (2004) also compared the 
lithostratigraphy and biostratigraphy for the Maassluis Formation and co-eval fluvial 
formations to the east and concluded that the formation boundaries showed considerable 
diachronism as has been postulated above for the sequence in East Anglia.  Unlike 
Lithofacies units I, II and III in East Anglia, extensive fluvial deposits co-eval with the 
Maassluis Formation have been preserved in the Netherlands.  This may be accounted 
for by preservation due to subsidence in the Netherlands (Zagwijn, 1989) and absence 
due to uplift, stability and erosion in East Anglia.  	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Chapter 6 
 Palaeoenvironmental and tectonic history 
6.1 Introduction 
A long-term decline in global temperatures that led to the onset of glaciation in 
Fennoscandia around 2.7 Ma (Mangerud et al., 1996) and the beginning of the 
Quaternary marked significant changes in the behaviour of climate, tectonics and sea 
levels affecting the southern North Sea Basin. The magnitude and duration of climatic 
changes, and probably sea level changes, increased in response to obliquity forcing 
from 2.6 Ma (Shackleton et al., 1990; Sosdian and Rosenthal, 2009); and the rate of 
subsidence and sediment accumulation increased dramatically (Cloetingh et al., 1990; 
Kooi et al., 1991; SØrensen et al., 1997; Overeem et al., 2001; Kuhlmann and Wong, 
2008; Anell et al., 2012). The volume of sediment entering the basin also increased in 
response to higher erosion owing to the increased sediment supply caused by cold 
climate surface processes (Rose, 2009; Anell et al., 2012) and/or uplift of the 
surrounding areas (Huuse, 2002) leading to the formation of large prograding delta 
systems (Figure 6.1). It should be noted that there are significant differences in the ages 
given to sequences in the North Sea by different authors, which together with changes 
in the definition of the base of the Quaternary, leads to problems in validating some of 
the conclusions and comparing results unless the dates are normalised.   Kuhlmann and 
Wong’s (2008) dates are used in this study as they are based on a more substantive and 
diverse data set, including cores and magnetic polarities, than had been used in the 
dating assumptions of earlier work. In the subsequent discussion references to earlier 
works have had the ages of their sequences recalibrated to those of Kuhlmann and 
Wong (2008) where possible. 
 
The southern North Sea Basin was closed to the south (Funnell, 1995) and its eastern 
margin was dominated by the giant Eridanos delta system fed by the Baltic River with 
subordinate inputs from the southeast from the proto-Rhine and Meuse rivers that 
initially formed a Southern Bight Deltaic system (Cameron et al., 1987, 1989, 1993; 
SØrensen et al., 1997; Overeem et al., 2001) (Figure 6.1). A sequence of offlapping 
sedimentary wedges recorded the migration of the delta front into and across the basin 
(sequences VI to IX and formations WN, IJ, SK and WK in Figure 6.1). As subsidence  
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Figure 6.1.  Map of the Pleistocene, and older prograding, deltaic, seismo-stratigraphic units. 
The Eridanos delta data are from SØrensen et al., (1997) but using dates from Kuhlmann and 
Wong (2008).  The lines on the map mark the shoreward position of the start of the seismic 
offlap sequences. The Southern Bight Delta (offshore East Anglia) shows the probable 
shorelines in blue (Cameron et al., 1992) using ages from de Mulder et al. (2002). A seismic 
correlation of the Southern Bight units with those of the Eridanos Delta has not been published. 
Pre-Chalk rocks outcrop or subcrop to the Quaternary in the area of the Sole Pit Trough 
Inversion.  Section is A-A’ is modified from Cameron et al. (1993). Section B-B’ is a redrawn 
extract from Section 1 in Figure 93 in Cameron et al. (1992). Section C- C’ is section Y-Y’ 
from Figure 6 in Cameron et al. (1989), as are sections and X-X’ and Z-Z’. The vertical and 
horizontal scale is the same in all three sections. 
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continued, the delta front sequences were overlain by thick, delta top sequences 
containing occasional thin marine units from intermittent transgressions (YM formation, 
Figure 6.1) that pass landwards into fluviatile sediments (Cameron et al., 1987, 1989; 
SØrensen et al., 1997; Overeem et al., 2001).  In the centre of the basin the thickness of 
the Early Pleistocene sediments exceeds 750 m. The western limit of the Lower 
Pleistocene sediments lies close to the eastern margin of the Mid Tertiary, Sole Pit 
Trough inversion that probably marked the edge of the basin.  However, Cameron et al. 
(1993) chose to extrapolate the margin further to the west into an area where Lower 
Pleistocene sediments are absent (Figure 6.1). At the southern end of the basin, Early 
Pleistocene shallow marine sediments are present in outcrop and below the surface in 
the Netherlands (Maasluis Formation) and in the UK (Lithofacies Units I, II and III).  In 
the Netherlands the shallow marine facies passes eastwards into fluvial sediments (Peize 
and Waalre Formations) and westwards and northwestwards into the prograding delta 
front deposits (e.g. IJmuiden Formation) (Jansen et al., 2004; Rijsdijk et al., 2005). In 
East Anglia, Lithofacies Units I, II and III record deposition in shallow, shoreface 
environments, generally less than 15 m water depth, with intervals of shallower 
intertidal and lagoonal sedimentation.  The depositional environments of the Red and 
Norwich Crags have been considered hitherto largely tidal or estuarine in origin and 
comparable to those of the current southern North Sea (Norton, 1967; 1977; Mathers 
and Zalasiewicz, 1988; Zalasiewicz et al., 1989).  
 
There is widespread evidence for uplift of areas during the Plio-Pleistocene around the 
North Atlantic as well as around the North Sea Basin (Anell et al., 2009) (Figure 6.2). 
The base of the prograding deltaic sequence is marked by a Mid–Miocene unconformity 
(Cameron et al., 1993; Overeem et al., 2001). The timing and variations in the rate of 
uplift of upland areas around the North Sea during the Tertiary and Quaternary are not 
yet well constrained (Anell et al., 2009). The age of many of the units originally 
assigned to the Plio-Pleistocene in Figure 6.2 are now thought to be Early Pleistocene 
(Kuhlmann and Wong, 2008; Anell et al., 2012) making most of the subsidence younger 
than originally thought.  North Sea subsidence has been attributed to, e.g., intra plate 
stresses (Kooi et al., 1991); thermal subsidence (Sclater and Christie, 1980) and a 
response to sediment loading and possibly linked to increased erosion and uplift of the 
adjacent land areas (Zagwijn, 1989; Huuse, 2002). Explanations of the uplift of the area 
around southern North Sea remain controversial with no single explanation being 
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generally accepted and “the fundamental causes of the surface uplift remain enigmatic” 
(Blundell & Waltham, 2009).	  	  	  
The Dowsing Hewett Fault zone lineament (Figure 6.1) is a major tectonic lineament 
(Ziegler, 1990) that extends across the Netherlands and through to the Lower Rhine 
Graben and may have acted as a tectonic hinge line since the Miocene (Hijma et al., 
2012). Older basins were inverted on its northern side during the Tertiary.  The Sole Pit 
Trough axis (Figure 6.1) was inverted during the Miocene (Badley et al., 1989; Stewart 
and Bailey, 1996). Tertiary and Early Pleistocene sediments are absent over much of the 
Sole Pit Trough inversions and Cameron et al., (1989, p.108) suggested there was “a 
slight relative uplift on the western margin of the Southern Bight during late Pliocene 
and early Lower Pleistocene times” (See section A-A’ in Figure 6.1). The lineament 
marks the northern edge of a relatively stable shoulder within the basin that separated 
the subsiding depocentre to the north from the uplifting areas to the south during the 
Middle and Late Pleistocene (Busschers et al., 2005). 
 
It has not been possible to closely match the palaeoclimatic interpretations from the 
Early Pleistocene sediments of the southern North Sea basin area with deep sea isotope 
records (Zagwijn, 1989; Gibbard et al., 1991; Whiteman and Rose, 1992; Funnell, 1995; 
Westaway et al., 2002; de Mulder et al., 2003; Kuhlmann et al., 2004, 2006 a, b; 
Kuhlmann and Wong, 2008).  However, Kuhlmann and Wong (2008) correlated the 
lower part of the their Early Pleistocene sequence with the pronounced cold isotopic 
stages MIS 96, 98 and 100 (Figure 6.3).  
 
The deltaic systems of the Southern Bight and the Eridanos system appear to have 
merged after ~ 2.4 ma during the deposition of SØrensen et al.’s (1997) sequences VIII 
and IX (Figure 6.1).   Kuhlmann et al. (2004) used clay mineralogy and Samarium-
Neodymium provenance ages to suggest that the Eridanos delta sediments were derived 
from Scandinavia in cold period deposits and from the south, via the Rhine system in 
warm periods.  Garnet, epidote and amphibole dominate the non-opaque heavy mineral 
assemblages in the Plio-Pleistocene Eridanos/Baltic River deposits (Schwarz, 1996) as 
well as those of the latest Pliocene and Early Pleistocene deposits of the Rhine (Boenigk 
and Frechen, 2006; Kemna, 2008). 
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Kay (1993) discussed and illustrated the difficulty of trying to separate the effects of 
eustatic changes in sea level and subsidence on accommodation space in the seismic  
sequences.  Zagwijn (1989) considered that subsidence and sediment supply remained 
largely in balance although the base of the Praetiglian (earliest Pleistocene) was marked 
by a drop in sea level leading to regression and deposition of the IJmuiden Formation. 
Funnell (1995) related the deposition of the onshore and offshore Early Pleistocene 
sediments in the Southern North Sea basin to eustatic changes in sea level indicated by 
the deep sea isotope record but made no mention of subsidence in his analysis.    
Originally, the seismostratigraphic unit boundaries were taken to indicate forced 
regressions from sea level changes (Cameron et al., 1987, 1989) but more recently the 
boundaries have been considered to have a more complex origin recording the 
interaction between, subsidence, cyclic fluctuation is sediment supply and cyclic 
changes in relative sea level (Cameron et al., 1993; SØrensen et al., 1997). Kay (1993, 
Figure 6.11.7) demonstrated that the relative movement (up or down) of sea level based 
on the offset of clinoform offlaps could vary laterally and be in opposite directions 
within one seisomstratigraphic unit in different parts of the basin.  Moreover, 
seismostratigraphic interpretations of the timing and magnitude of sea level changes by 
Kay (1993), Clausen et al. (1999), and Overeem et al. (2001) are not consistent with one 
another and reflect the inherent difficulties with the method (Huuse, 2002).   Rijsdijk et 
al. (2005) interpreted the seismic boundaries more simply as the records of the 
autocyclic adjustments in the position of the delta lobes.  
 
The extensive progradation of the Eridanos delta in SØrensen et al.’s (1997) sequences 
VI to VIII  (~ 2.5 – 2 Ma) (Figure 6.1) indicated an excess of sediment supply over 
accommodation space and initially (until ~ 2.4 Ma)  produced a lobate delta front as 
fluvial processes were dominant over waves and tides (Overeem et al., 2001).  Little can 
be determined about the process regime between ~2.4 to 2 Ma owing to the repeated 
slumping of the delta front and the absence of recognizable channel networks in the 
delta top sediments. The slumping was possibly associated with falls in sea level and/or 
erosion by prodelta currents (SØrensen et al., 1997; Overeem et al., 2001; Stuart and 
Huuse, 2012).  The subsequent younger units (~ 2.0 to 1.8 Ma) contain sigmoidal 
clinoforms that may indicate a low energy regime (Kay, 1993).  
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Overeem et al. (2001) concluded that sea level changes became more frequent after ~ 2 
Ma (their late Pliocene) in response to glacial/interglacial cycles and that the peaks in 
the sedimentation rate and bifurcation rates of the delta channels (mapped on seismic 
data) were co-eval with cold phases and that there is a “clearly discernible” climate 
signal (p. 393) in the time-averaged sediment supply rates although long-term average 
rates of supply were controlled by tectonism.  SØrensen et al. (1997) interpreted a more 
ambiguous relationship between climate and sedimentation rates and, conversely, 
considered that higher rates of sedimentation tended to be related to warmer climatic 
phases. Anell et al. (2012) concluded Pleistocene sedimentation rates were probably 
driven by glacial and periglacial processes.  
 
The work on the offshore sequences has generated considerable data on the evolution of 
the depositional systems, the general palaeogeography and range of environments that 
existed in the Southern North Sea Basin during the Early Pleistocene. However, it has 
not yet provided a consistent synthesis of the relationships between the sediments, 
depositional environments, climatic changes, sea level changes and tectonism.   
Correlation of the sequences in different parts of the Southern North Sea Basin is 
ambiguous. There are no published detailed correlations that tie the seismostratigraphic 
units in the Southern Bight to those of the Eridanos delta.   Risdijk et al. (2005) 
provided a correlation of the onshore Netherlands and offshore Southern Bight 
sequences but without adequate explanation of its basis. The correlation of the 
Lithofacies Unit I, II and III in East Anglia with the offshore, seismostratigraphic, 
prograding deltaic units is problematic owing to the thinning section and erosion on the 
sea floor (see, e.g., Moorlock et al., 2000, p. 37: Section 5.3.5).  The ages of the 
offshore sequences given in Kuhlmann and Wong (2008) are accepted here, and also by 
Anell et al. (2012) and Stuart and Huuse (2012), although they are still based 
predominantly on biostratigraphic data and likely to be subject to revisions.   
 
However, the offshore data provides a framework and backdrop within which to 
consider three important issues in East Anglia related to the palaeoenvironmental and 
tectonic history of Lithofacies Units I, II and III: 
 
1. The relationship of the units to subsidence and glacio-eustatic sea level changes; 
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2. The source of the Crag sediments and their relationship to fluvial systems during 
the earliest Pleistocene; 
3. Tectonic history of East Anglia after the deposition of Lithofacies Unit III. 
 
6.2 East Anglia 
 
6.2.1 Introduction 
 
The Lower Pleistocene Crag deposits of East Anglia accumulated in an embayment in 
the southwest corner of the North Sea Basin to the south of the Dowsing-Hewett Fault 
Zone.  To the northeast lay a relatively narrow north-south trending seaway into which 
deltas built from the east (Eridanos delta and offshore Norway) and from Scotland in 
the west (Huuse, 2002)(Figure 6.4).     
 
Figure 6.4 Late Pliocene palaeogeography of the North Sea basin. From Figure 12 in 
Huuse, 2002. (Note: poor quality in original image) 
 
The molluscs and foraminifera in the sediments suggest deposition in East Anglia took 
place in shallow marine (< 15 m) to intertidal water depths (Funnell, 1961; Norton, 
1967; Norton and Beck, 1972; West and Norton, 1974; Funnell et al., 1979) and the 
sediments (Mathers and Zalasiewicz, 1987; Hamblin et al., 1997; Gibbard et al., 1998) 
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suggest deposition in a shoreline complex influenced by both waves and tides. The 
depositional environment of the Crag was analogous to that of the modern Wadden Sea 
and its shoreline deposits with barrier bars dissected by major channel inlet systems 
feeding tidal channels and flats behind the bars. Seaward of the barrier bar the 
sediments would consist of ebb delta deposits, offshore shelf and shallow attached bars.  
The geometry of these deposits is unlikely to be consistent over a wide area and it will 
vary spatially and temporally depending on coastal morphology, sediment supply, wave 
and/or tidal power and accommodation space. Tidal flat sediments accumulate slowly 
and have the potential to record environmental change over 1000’s of years with low 
accumulation rates (e.g. 1-2 mm yr-1 in the Wadden Sea: Fruergaard et al., 2011) 
whereas tidal channel deposits reflect shorter depositional periods of 10 – 100’s of years 
with much greater depositional rates (e.g., 400 – 900 mm yr-1 in the Wadden Sea: Oost 
and de Boer, 1994; Fruergaard et al., 2011).  Reworking of the sediment within tidal 
flats by channel migration can be extensive (Fruergaard et al., 2011) and migration of 
tidal inlet channels can lead to reworking of ebb delta and shoreline sands (Sha, 1990; 
Oost and de Boer, 1994).  
 
The effects of any changes in relative sea level are likely to be more marked in the 
sequence in East Anglia, on the edge of the basin, than in the centre of the basin.  
Moreover, if the sequence at its thickest in East Anglia (65 m at Ormesby) represents a 
period of 2 - 400,000 years then the average accumulation rate is only 0.16 – 0.32 mm 
yr-1, which is an order of magnitude less than current rates on low energy, Wadden Sea 
tidal flats, and suggest that a 41 ka cycle, assuming a constant (albeit unlikely) rate of 
deposition, would be represented by 6.5 – 13 m of sediments.  The combination of a 
low average sedimentation rate with the depositional and erosional complexities of 
shoreline sequences suggests that the record is unlikely to be continuous and is probably 
composed of fragmentary records that probably reflect local and possibly brief temporal 
variability (Chapter 3).  Thus the events that created the boundaries of the three 
Lithofacies Units must have more than local significance and reflect more widespread 
environmental change that affected the entire basin. 
 
The Crag sediments have been subjected to later uplift and erosion whereas in the 
Netherlands more or less continuous subsidence has resulted in a thicker and more 
complete Early Pleistocene sequence (Zagwijn, 1989; Gibbard et al., 1991; de Mulder et 
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al., 2003).  Unlike the Netherlands there are no records of contiguous or interbedded 
fluvial deposits associated with the Lithofacies Units I, II and III in East Anglia.  There 
is considered to be a large hiatus of up to 1 Ma in marine sedimentation or a period of 
erosion between the Norwich Crag and the Wroxham Crag and Cromer Forest bed in 
East Anglia (Gibbard et al., 1991,1998; Catt et al., 2006).  The earliest recorded fluvial 
deposits of the Thames river were deposited during this hiatus (Whiteman and Rose, 
1992; Funnell, 1995; Westaway et al., 2002; Rose et al., 2001; Rose, 2009).  
 
6.2.2 The relationship of the lithofacies units to subsidence and glacio-eustatic sea 
level changes. 
 
The progressive global cooling after the mid Pliocene climatic optimum (3.3 – 2.9 Ma) 
led to trends of increasing global ice volumes and decreasing sea level during the Late 
Pliocene Transition (Shackleton and Opdyke, 1973).  
 
 
Figure 6.5. The d18Oseawater record from 0 to 3.2 Ma (‰, using standard mean ocean 
water). The thin black line represents a three-point smoothed curve of the d18Oseawater 
record.   The smoothed thicker black line represents mean sea level.  From Figure 3 in 
Sosdian and Rosenthal, 2009. 
 
At 2.6 Ma the climatic forcing switched from precession driven to obliquity driven 
cycles that resulted in greater differences between glacial and interglacial sea levels. 
Sosdian and Rosenthal (2009) separated the temperature and global ice mass 
components of the global benthic foraminifera isotope records (d18Ob) to derive the 
changes in sea level due to changes in ice volume (from their derived d18Oseawater) 
(Figure 6.5). The difference between glacial and interglacial sea levels normally ranged 
from 60 - 80 m between ~2.7 to 1.2 Ma. However, between ~2.4 to 2.2 Ma the declining 
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trend in global sea level was reversed and the difference between glacial and interglacial 
stage sea levels reduced by half to 30 – 40 m. 
 
The impact of obliquity driven changes in glacio-eustatic sea level is likely to be most 
obvious in the shallow water deposits at the margin of the basin although these effects 
will be modified by subsidence and depositional geometry of the sediments (Leeder, 
1999).  The uncertainties surrounding the completeness and absolute ages of the thin 
sequences and the amount of possible post-depositional uplift complicate the 
understanding further.  Funnell (1995) correlated the Early Pleistocene Crag sequence 
with his estimate of glacio-eustatic changes in sea level based on the global benthic 
foraminifera isotope records but took no explicit account of subsidence and also relied 
heavily of the broad climate/pollen stratigraphic frameworks.  The development of the 
Crag sequences is considered here using constrained assumptions about subsidence, 
glacio-eustatic sea level changes and sediment supply rather than attempting to correlate 
fragmented records of climatic change within an unreliable stratigraphic framework 
(Chapter 3).   
 
The widespread unconformity at the base of the Westkapelle Ground Formation in the 
Southern North Sea and the base of Lithofacies Unit I (section 5.3.5) above the 
underlying Red Crag Formation  (sensu Harmer, 1902 and non-sensu Zalasiewicz et al., 
1989) is formed by the recession associated with the drop in sea level during the Late 
Pliocene Transition followed by transgression owing to the subsequent rise in sea level 
and increased subsidence at the start of the Pleistocene.  The absolute age range of the 
Red Crag Formation has not been reliably determined (see discussion in Head, 1998b, 
although he includes Lithofacies Units I and II in his Red Crag).  
 
Two models have been constructed to illustrate the possible effects of different 
subsidence and age assumptions on the interpretation of the Early Pleistocene Crag 
sequence in East Anglia when combined with a glacio-eustatic model of sea level 
change.  The models compare the thickness of the three Lithofacies Units from the 
Ormesby borehole and the sea level curves of Sosdian and Rosenthal (2009) in Figure 
6.6 to arrive at the accommodation space necessary for each lithofacies Unit in the area 
of the current Norfolk coast (Figures 5.3.2 and 5.3.18). The total thickness for the three 
Lithofacies Units in this area is ~ 65 m. The top of Lithofacies Unit III is missing by 
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erosion in the Ormesby borehole but has been assumed to have originally been a few 
metres above the height of the base of the Wroxham Crag. The two models include 
different assumptions for the time represented by the deposits. Model 1 assumes a time 
interval of 2.5 – 2.1 Ma and Model 2 an interval of 2.5 – 1.9 Ma.  
 
In both models the following assumptions are constant:  the base of the sequence is 
marked by a transgression associated with, but not necessarily controlled by, a global 
rise in sea level; the cumulative accommodation space filled with sediments for each 
Lithofacies Unit is plotted against time; the start point and elevation of the onset of 
accommodation space filled by sediment is half way between the low and high points 
on the mean sea level between ~ 2.5 to 2.35 Ma and allows sufficient space for water 
depths > 15 m (as suggested by Funnell (1961) and Norton (1967)) for the nearby 
Ludham borehole at the base of the transgressive sequence in Lithofacies Unit I) during 
the subsequent interglacial high sea level; the marker beds (A, B and C) represent cold 
climate, tidal flat deposits that formed at depths close to mean sea level during times of 
lowered, if not interglacial, sea levels and the tops are marked by minor unconformities 
formed by forced regressions. Two different depositional rates are assumed in each 
model; one averages the depositional rate for each Lithofacies Unit and the other 
averages the rate  across all three Units.  
  
In Model 1 the marker beds are positioned to reflect the records of polarity in the 
Ormesby, Stradbroke and AS boreholes, Chillesford and Easton Bavents Clays (van 
Monfrans, 1971; Zalasiewicz et al., 1989, 1991; Maher and Hallam, 2005a), the records 
of the foraminifera Neogloboquadrina atlantica (Funnell, 1987) and the likely age 
range indicated by the vole teeth (Mayhew, 2011).  In Model 2, the correlation used is 
broadly similar to that of Funnell (1995). Marker bed C is correlated with the Olduvai 
subchron (as in: Funnell, 1995; Maher and Hallam, 2005a) and the other two marker 
beds are positioned to reflect large drops in sea level within a period of overall falling 
mean sea level. In Model 2, marker beds A and C, but not B, can fit the polarity record 
but are inconsistent with the palaeontological age interpretations used in Model 1.  
Model 2 also contains a much lower average sediment accumulation rate (< 0.1 mm yr1) 
than in Model 1.  
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Figure 6.6. Two Models (1 and 2) for the generation of the accommodation space 
needed for Lithofacies Units I, II and III in the area of the Ormesby borehole. Sea level 
curves redrawn from Figure 3 in Sosdian and Rosenthal, 2009. Palaeomagnetic record 
from Cohen and Gibbard (2011).  Arvicolid fauna age range from Mayhew (2011) and 
N. atlantica limit from Gradstein et al. (2005). LPT is the Late Pliocene Transition. 
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In Model 1 the entire sequence is deposited during a period of relatively high eustatic 
sea level with generally small differences between glacial and interglacial sea levels (30 
– 40 m) such that for most of the time eustatic sea level fluctuated over an interval of < 
10 m and the effects could readily be offset by minor subsidence.  Significant drops in 
relative sea level are associated with marker beds A and C whereas the drop is less 
pronounced for marker bed B.  The lower impact of relative sea level change on marker 
bed B may explain the problems of locating it in the sequences in Suffolk (Section 
5.3.2.3).  The mean sea level dropped significantly after the deposition of marker bed C 
leading to a forced recession and the displacement of the shoreline further to the east or 
northeast and an end to marine sedimentation in this part of the basin. Subsequent net 
uplift of ~ 20 metres would be required to bring the sequence to its current elevation 
 
In Model 2, Lithofacies Unit I accumulated in the same period used for Units I, II and 
III in Model 1, but with a much lower rate of subsidence, and Units II and III 
accumulated during a period of rapidly declining mean eustatic sea level and glacial –
interglacial sea levels differed by 40 – 60 m (Figure 6.6). As a result, much greater 
subsidence than in Model 1 is required to provide the same cumulative accommodation 
space filled by sediment. The marker beds correlate with pronounced drops in eustatic 
sea level that would be greater than those envisaged in Model 1. Unlike Model 1, mean 
sea level increased after the deposition of marker bed C and a period of uplift (not 
reported in the centre of basin) would have been necessary to terminate the marine 
environment in this part of the basin. A larger subsequent net uplift of > 40 metres 
would be required to bring the sequence to its current elevation. 
 
The increase in subsidence rate at ~ 2 Ma in Model 2 coincides with the rather loosely 
determined timing of accelerated subsidence in the centre of the basin (Kay; 1993; 
Clausen et al., 1999). However, if the accelerated subsidence in a basin was associated 
with increased uplift and verging of the basin margin due to, e.g., regional compression 
of the lithosphere (Cloetingh et al., 1990; Kooi et al., 1991) then Model 1 is more likely.  
Moreover, the latter Model suggests that the similarity in the timing of the accelerated 
subsidence and the postulated age for the earliest preserved fluvial deposit (Nettlebed 
Terrace  - OIS 82 and 68, 2.15 –1.84 Ma) could indicate a correlation between increased 
uplift of the UK land mass and the establishment of the major river systems identified 
by Rose (2009, 2010). 
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Clearly both Models are simplifications of the possible relationships between 
subsidence, sea level and sediment preservation.  However, Model 1 offers a less 
volatile environment and therefore simpler explanation for the sedimentary record and 
is more consistent with the fossil and palaeomagnetic record.  
 
6.2.3 The source of the Crag sediments and their relationship to fluvial systems 
during the earliest Pleistocene 
 
Most palaeogeographic reconstructions of Britain during the Neogene and Early 
Pleistocene show rivers flowing eastwards into the Crag basin (e.g., Gibbard et al., 
1988; Rose et al., 2001; Gibbard and Lewin, 2003) (Figure 6.7).   Balson (1999c, p. 
294) suggested that the preceding Red Crag accumulated in the mouth of a funnel 
shaped embayment that extended west-south-westwards across Essex. The dating for 
the earliest fluvial deposits of the British rivers relies on climatostratigraphic models 
(Funnell, 1991, 1995, 996; Whiteman and Rose, 1992; Rose et al., 1999, 2001; 
Westaway et al., 2002) with the oldest deposits, the Nettlebed Terrace, (Whiteman and 
Rose, 1992) having formed sometime between OIS 82 and 68  (2.15 – 1.84 Ma) 
(Westaway et al., 2002).  The rivers are also used to explain the presence of quartzose 
clasts and other far travelled lithologies (Rose et al., 2001) and reworked Mesozoic and 
Palaeozoic palynomorphs (Riding et al., 1997, 2000; Rose et al., 2001; Moorlock et al., 
2002) within the marine Crag deposits. Cameron et al. (1987, 1989, 1992) (Figure 6.1) 
interpreted prograding reflectors in localised areas within the Westkappelle Ground, 
Smith’s Knoll and Winterton Shoal Formations as delta front deposits from UK rivers. 
 
Faunal assemblages from Lithofacies Units I, II and III have been described as 
indicating an estuarine, i.e. lower salinity and/or intertidal flat, conditions but they have 
not been tied to sedimentological evidence for an extensive estuary.   The estuarine 
character of the fauna probably reflects open coast tidal flats, lagoonal sedimentation or 
even a general estuarine condition at the shallow, closed southern end of the basin.  
Kuhlmann et al.’s (2006a) detailed work on the microfauna and microflora in Early 
Pleistocene sediments close to the depocentre led them to propose that low salinity and 
estuarine conditions prevailed frequently in the southern North Sea between 2.6 and 1.8 
Ma.  These conditions were attributed to the large freshwater influx from the giant 
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Figure 6.7. Early Pleistocene fluvial and offshore palaeogeography of midland and 
eastern England and the adjacent North Sea basin, according to Rose et al. (2001, Figure 
2 A). The heavy lines indicate main drainage trajectories based on and ‘long established' 
valley systems and Early and early Middle Pleistocene sediments. The distribution of 
lithostratigraphic units is given, along with the location of outcrop of distinctive 
indicator lithologies, that were transported by the river systems to the coastal zone at the 
time of deposition of the Red and Norwich Crag Formations.  
 
Eridanos and other river systems combined with the loss of North Sea circulation, 
possibly in response to the more southerly location of the polar front during glacial 
periods (Kuhlmann et al., 2006).  
 
The troughs in the basal surface of the Crag do not contain fluviatile sediments at the 
base of the sequence as would be expected in the estuarine sequence models of Allen 
and Posamentier (1993) and Dalrymple and Choi (2007).  The troughs are the result of 
fluvial erosion that pre-dated the formation of the mid-Pliocene Coralline Crag (Section 
4.4). Fluvial and salt marsh deposits have not been found within the sequence although 
local and minor freshwater influences are suggested by the presence of occasional 
terrestrial and freshwater molluscs, vertebrates and plant remains. There are no fluvial 
records or compelling sedimentological evidence for the existence of estuaries 
associated with large river systems in the Crag basin of East Anglia as the oldest fluvial 
deposits (Nettlebed Terrace) post date the deposition of Lithofacies Unit III. 
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Rose et al. (2001) and Rose (2009, 2010) suggested that the earliest Pleistocene British 
rivers were low energy systems that transported sediment predominantly in suspension 
to the marine basin. The non-opaque, heavy mineral assemblages from the Crag are 
more diverse and differ markedly from those of the younger fluvial sediments of the 
Kesgrave Sands and Gravels (Zalasiewicz et al., 1991).  The sediments of Lithofacies 
Units I, II and III are characterised by non-opaque, heavy mineral suites dominated by 
garnet, epidote and amphibole (~ 50%) and are similar to those recorded in the Eridanos 
sediments (Schwarz, 1996) and Early Pleistocene Rhine fluvial deposits (Boenigk and 
Frechen, 2006).  In contrast, the heavy mineral assemblages from the Thames (Kesgrave 
Sands and Gravels) and Bytham river deposits are dominated by zircon and tourmaline 
(data collated in Rose et al., 1999).  The garnet, epidote and amphibole assemblages are 
widespread both vertically and laterally within the Crag: Units I, II and III in the 
Ludham and Happisburgh boreholes and Unit II in the Outney Common borehole 
(Gibbard et al., 1991); Units I and II in outcrop at Bramerton (Section 5.2.2.4.2), and 
Unit III in outcrops at Chillesford, Easton Bavents and Covehithe (Zalasiewicz et al., 
1991) and in boreholes between Beccles and Lowestoft (Bridge and Hopson, 1985).  
The sands in the Westkapelle Ground, Smith’s Knoll and Winterton Shoal Formations 
in UK offshore boreholes 81/50 and 81/51 also contain similar heavy mineral suites 
(Morton, 1982b).   Burger (in Gibbard et al., 1991) suggested a Scandinavian source for 
the hornblende (amphibole) in the Crag and Morton (1982b) suggested the heavy 
mineral suites from the offshore boreholes indicated derivation from either 
Fennoscandia or Scotland.  Moorlock et al. (2000, pp. 33-35) concluded that the 
similarities in the diverse heavy mineral assemblages from the Norwich Crag (described 
by Hallsworth in a BGS 1994 report that has subsequently been lost/misfiled by the 
BGS) indicated that their most likely sources were the Palaeogene age sediments of the 
Thanet Formation, London Clay, Bagshot and Claygate Beds and discounted a northern 
source on the basis that Crag palaeogeography “does not support this hypothesis”.  
However, Morton (1982a) suggested that the source of the heavy mineral assemblages 
in the Palaeogene rocks, that Moorlock et al. (2000) considered to be the source of the 
Crag heavy minerals, was northern Scotland.  
 
The volume of sand in the Crag and the presence of very unstable minerals, such as 
olivine (Zalasiewicz et al., 1991; Section 5.2.2.4.2), are unlikely to have survived 
recycling from the Tertiary and suggest that the Palaeogene rocks are not the dominant 
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source.  In addition, if the sand and clay were derived largely from erosion of the 
Palaeogene sediments one would expect to find Palaeogene palynomorphs consistently 
dominating the reworked component of Crag palynological assemblages. They do not 
usually represent a subordinate component and sometimes are not present at all (Riding 
et al., 1997, 2000; Moorlock et al., 2002).  Taken together the data suggest that the 
fluvial systems to the east are the more likely source for the sand than local erosion of 
the Palaeogene or transport by British rivers.  
 
The clasts of the Early Pleistocene Rhine river (Boenigk, 2002) are dominated by quartz 
and quartzite which, together with the heavy mineral assemblages of Lithofacies Units 
I, II and III, make it the more likely source for the quartzose material in the Units than 
from possible low energy rivers flowing westwards from the Midlands during the 
deposition of the Norwich Crag (Rose et al., 2001; Rose, 2010). Prestwich (1890b), 
Reid (1882) and Harmer (1910a) also considered Belgium to be the likely source of the 
quartzites. Coastal erosion of nearby Mesozoic outcrops in the area of the Sole Pit 
Trough (Figure 6.1) provided both clasts and palynomorphs that were transported 
southwards by littoral drift.  Overeem et al. (2001, Figure 9) interpreted a fluvial system 
lying to the north of Norfolk and flowing eastwards that may have transported Jurassic 
(including Rhaxella chert) and Carboniferous clasts to the marine basin from northeast 
England that were subsequently also moved southwards by littoral drift.  Palaeozoic 
palynomorphs could be derived from two possible sources: the breakup of floating coal 
clasts (as seen in subunit 2c in Bramerton, Section 5.2.2.4.3 and in the Norwich Crag at 
Bulcamp (R. Markham, personal communication)) which could have entered the marine 
system from anywhere further north or from the east; or, from the coastal erosion of 
local Palaeogene outcrops which can contain well preserved Carboniferous 
palynomorphs (Collinson et al., 1985).  
 
The oblique seismic reflectors seen in the offshore sequence and interpreted as British 
deltas by Cameron et al.  (1987,1989,1992) differ from those seen in the Rhine and 
Eridanos delta systems in that the reflectors do not lie within or above the thickest part 
of the seismic unit, the oblique bedded intervals are thinner and more limited in areal 
extent, possibly due in part to erosion.  Moreover, in the Smith’s Knoll Formation they 
nearly intersect at right angles to one another (Cameron et al., 1989, Figure 7 c).  de 
Mulder et al., (2003) and Risdijk et al., (2005) also consider the Smith’s Knoll 
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Formation to predate the major deltaic progradation of the IJmuiden Formation rather 
than being co-eval with it as originally suggested by Cameron et al. (1989, 1993). The 
observed seismic character in the UK offshore area may reflect prograding shorelines 
and offshore bars (probable depositional environments within Lithofacies Units I, II and 
III, Chapter 5 and Appendix 3) and similar to that seen in the Flemish banks, offshore 
Belgium, today (Trentesaux et al., 1999), rather than the product of British river deltaic 
deposits.  
 
The evidence for large British rivers during the deposition of Lithofacies I, II and III is 
limited and the widespread heavy mineral assemblage suggests the sands originate from 
the river systems to the east and have been transported to East Anglia by tidal and wind 
driven currents.  
 
6.2.4 The tectonic history of East Anglia after the deposition of Lithofacies Unit 
III. 
 
6.2.4.1 Introduction. 
 
The base of the Crag sequences rises to the west across East Anglia, reaching ~50 m 
round Stowlangtoft, near Bury St Edmunds, Bristow, 1990), and to the southwest 
reaching 90 m at Stansted Montfichet, near Bishops Stortford (Mathers and Zalsiewicz, 
1988) (Figure 6.8). The difference in elevation of the Crag deposits across East Anglia 
has been attributed to higher sea levels in the past and subsidence towards the north east 
(West, 1972; Moffatt and Catt, 1986) or a mixture of uplift to the south and subsidence 
to the north of a hinge line (Van Voorthuysen, 1954; Mathers and Zalasiewicz, 1988; 
Gibbard et al., 1998). Subsequent work on the terraces of Pleistocene rivers suggested 
uplift rather than subsidence dominated the onshore area after the deposition of the 
Crags (Whiteman and Rose, 1992; Rose et al., 2001; Westaway et al., 2002; Lee et al., 
2006; Westaway, 2008; Rose, 2009, 2010). Currently two models for Pleistocene uplift 
prevail.  The first envisages a northeastward, but fluctuating, regression of the coast line 
during the Pleistocene related to progressive uplift in response to isostatic adjustment to 
surface erosion and galcio-eustatic variations in sea level (Rose et al., 2001, Rose, 2009, 
2010) and the other envisages predominantly subsidence in the Early Pleistocene 
followed by accelerated uplift around 0.9 Ma in response to lower crustal flow forcing 
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by the growth and decay of local ice sheets or fluctuations in water-loading due to 
eustatic sea-level variations and/or isostatic adjustment to surface erosion driven by  
climatic change (Westaway et al., 2002; Westaway, 2008; Bridgland and Westaway, 
2008).   Leeder (2008) suggested that uplift in Norfolk is the result of isostatic 
adjustment to the deep glacial erosion of the Jurassic to the west of the Chalk outcrop.  
Determining the timing and rate of uplift of the Crag in East Anglia is hampered by the 
complex polygenetic erosional surface that overlies it (e.g., Nickless, 1971; Allen, 
1984a; Bristow, 1990; Mathers et al., 1993; Pattison et al., 1993; Arthurton et al., 1994;  
Moorlock et al., 2000) and the lack of absolute dates or unequivocal detailed correlation 
criteria for the sediments lying on top of the erosion surface.  None-the-less the 
character and timing of any post Crag will be evaluated in terms of 1) the current 
elevation of the Lithofacies Units; 2) the relationship of unconformities beneath 
younger deposits to the Lithofacies Units; and, 3) the evidence for differential 
movement and faulting.  
 
6.2.4.2 The current elevation of the Lithofacies Units. 
 
The classic Red Crag of Harmer (1902) seen in outcrop in southeast Suffolk had been 
subjected to significant uplift and erosion prior to the deposition of Lithofacies Unit I (= 
base of Sizewell Member of Red Crag in southeast Suffolk, Zalasiewicz et al., 1991).  
The boundary between the classic Red Crag and Lithofacies Units I – III is a major 
unconformity that correlates with that at the base of the Westkapelle Ground Formation 
offshore to the east (Cameron et al., 1989). Regressions and unconformities at higher 
levels within the Crag (Funnell, 1987; 1996; Hamblin et al., 1998) represent less 
significant unconformities related primarily to eustatic rather than tectonic influences 
(see section 6.2.2).  
 
The elevation of the basal surface of the Crag is a composite of the pre-Crag topography 
that was progressively onlapped, syndepositional subsidence and post Crag movement 
(Chapter 4, Section 5.3.2.3) and therefore not a reliable indicator of post Lithofacies 
Unit III uplift or subsidence. The model for the deposition and preservation of the 
Lithofacies Units I, II and III presented earlier invokes continual subsidence that 
increased toward the east together with the progressive onlap around the margins of the 
basin to the north, west and south.  As a result, Lithofacies Unit III should have the 
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widest geographical distribution and extends to the south western margin of the outcrop 
in Essex at Stansted Mountfitchet (Mathers and Zalasiewicz, 1988). The base of the 
Lithofacies Units lies at 17 m immediately to the south of Norwich, at Caistor St 
Edmund, reaches 90 m in the southwest at Stansted Mountfitchet and approximately 50 
m in the area around Stowlangtoft, near Bury St Edmunds.  At Great Blakenham, to the 
northwest of Ipswich, Lithofacies Unit III is present between 40 and 51 m and on the 
north Norfolk Coast it is thin or absent (Figure 6.8). The top depositional surface of 
Lithofacies Unit III is therefore the most useful for evaluating subsequent tectonic 
movement.  However, Marker bed C at the top of Lithofacies Unit III has been partially 
or totally removed in many areas (particularly in Norfolk and north Suffolk) by 
subsequent erosion beneath younger marine, fluvial and glaciofluvial sands and gravels 
and tills (Section 5.3.2.3).  None-the-less the limited records indicate that the marker 
bed rises westwards and southwestwards across Suffolk and Essex (Figure 6.8). 
 
The contours of a projected and hypothetically uneroded surface of an uplifted Marker 
bed C have been drawn using the limited data points, the elevations of pre Marker bed C 
sediments and the strike of the beds. The contours measure uplift above modern day sea 
level and not total uplift because it is likely that Marker bed C around Ormesby 
accumulated at elevations of 20 – 40 metres below modern day sea level (Section 6.2.2).  
The situation is North Norfolk is less clear as Lithofacies Units I – III are thin or absent 
but it appears that the area has been a long term positive feature, possibly related to the 
Dowsing Hewett Fault Zone just to the northeast, onto which Lithofacies Units I - III 
onlapped (Section 5.3.2.3) and others have commented on the relative stability of the 
region (Rose et al., 2002; Rose, 2009). 
 
6.2.4.3 The relationship of unconformities beneath younger deposits with the 
Lithofacies Units. 
 
The top of the sequence of Lithofacies units is an irregular surface overlain by glacial, 
glaciofluvial and fluvial deposits in most of Suffolk and Essex (Bristow, 1982; Allen, 
1984; Auton et al., 1985; Mathers and Zalsiewicz, 1988; Moorlock et al., 2000) and 
marine sediments are also present in northeast Suffolk and Norfolk (Westleton Beds and 
Wroxham Crag) (Hey, 1967; Rose et al., 2001).  The stratigraphy of the overlying 
deposits is complex with several phases of erosion and incision related to changes in sea 
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level and uplift (West, 1980; Hopson and Bridge, 1987; Rose et al., 2001; 2002, Lewis 
et al., 2004; Lee et al., 2006; Westaway, 2008; Rose 2009, 2010). 
 
 
 
Figure 6.8. Map of the elevation and depositional areas of various units within the 
Quaternary in East Anglia. See text for discussion. Additional data from: West and 
Norton (1974); West (1980a); Mottram (1987, 1989); Mathers and Zalasiewicz (1988), 
Zalasiewicz et al. (1989, 1991); Bristow (1990); Rose et al. (1996a, b, 2001, 2002); 
Gibbard et al. (1996); Sinclair (1999); Lee (2003); Mills (2004); Lewis et al. (2004); 
Lee et al. (2006); Read et al. (2007).  
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The correlation and determination of the depositional environment of gravels 
encountered in boreholes has depended on the model used to explain the elevation of 
the beds and differences in the clast composition. Hopson and Bridge (1987) used 
differences in the quartzite:quartz ratio; the percentage of igneous and metamorphic 
clasts and elevation to separate fluvial; outwash and marine gravels in the lower 
Waveney valley.  Rose et al. (1999, 2001, 2002) used the presence of shells with 
quartzose gravels to indicate marine deposition although the absence of marine shells 
did not necessarily mean fluvial as there is extensive decalcification of these deposits. 
They have also found igneous and metamorphic rocks from Wales and Northern 
England in fluvial deposits, whereas glaciofluvial deposits also contained igneous rocks 
from Scotland.  Unfortunately, clast lithological analyses of borehole samples in eastern 
Norfolk and east Suffolk are limited and often aggregated (Hopson and Bridge, 1987; 
Rose et al., 2002).  However, it is possible to recognize an interval of gravel in 
boreholes (without regard to its correlation or depositional environment) above the Crag 
and beneath undoubted glacial deposits across southern Norfolk from Norwich to 
Lowestoft (Figure 6.9).  
 
Although the gravels within the section are almost certainly of different origins, four 
features stand out. First, the much lower dip at the base of the gravel sequences 
compared to that at the base of Lithofacies Unit sequence (Figure 6.9). Secondly, the 
gravels in the area around Norwich appear to lie at a higher elevation than those to the 
east (Figures 6.8 and 6.9). Thirdly, to the east and northeast of Norwich the base and the 
top of the gravel sequences undulate gently within a 20 m interval (from -5 to +15 m) 
(Figures 6.8 and 6.9). Fourthly, the base and top of the gravel sequence appears to be 
elevated above ridges in the top surface of the underlying Chalk (Figure 6.9). 
 
The oldest bed overlying the sequence of Lithofacies units are the Westleton Beds 
(Figure 6.8) and have generally been considered to be the upper part of the Norwich 
Crag (Hey, 1967; West and Norton, 1974; Mathers and Zalasiewicz, 1996; Green and 
McGregor, 1999; Richards et al., 1999; Sinclair, 1999) although Hamblin et al. (1997) 
considered they were in part at least co-eval with Marker Bed C.   The gravels appear to 
be best developed and thickest in troughs in northeast Suffolk (Mottram, 1997, 2012) 
and can be seen to lie above a marked erosional unconformity at their base that cuts 
down from above 5 m to below OD between Southwold and Easton Bavents (West and  
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Norton, 1974, Figure 9). The rounded flint gravels recorded at the base of the sequence 
at the eastern end of the Raveningham-Lound Trough near Lound (Hopson and Bridge, 
1987) are probably related to the Westleton Beds described on the Norfolk Suffolk 
borders at Haddiscoe and between Norton Subcourse and Heckingham (Hey, 1967; Lee, 
2003; Lewis et al., 2004). Sinclair (1999) correlated the Westleton Beds from central 
Norfolk to the Suffolk Coast, but in the area around Norwich it was based solely on the 
presence of rounded flint gravels and are not reliable as rounded flint gravels occur at 
several levels within the Norwich Crag (Postma and Hodgson, 1988; Section 5.2.2.3). 
Sinclair’s (1999) use of differences in the elevation of the base of the Westleton Beds is 
not a reliable datum against which to measure uplift owing to the marked variations at 
its base due to erosion. 
 
The Wroxham Crag, fluvial and glaciofluvial deposits contain gravels with significant 
percentages of quartzose material and their classification and their correlation has not 
always been straightforward or uncontentious (see, e.g., Auton et al., 1985; Hamblin 
and Moorlock, 1995; Rose et al., 1996a; Gibbard et al., 2007; Westaway, 2008; Rose, 
2009).  However, the introduction of significant quantities of quartzose material and 
other far travelled rocks into the area of Norfolk and Suffolk represented a significant 
event and probably reflected a fundamental change in the dynamics of the drainage 
system feeding the basin from the west (Rose et al., 2001; Rose, 2009, 2010).  The 
quartzose material introduced to the area by the rivers and deposited in river terraces 
and deltaic deposits was transgressed and reworked on several occasions in response to 
climatically driven changes in relative sea level (Rose, 2009) and has been incorporated 
in the marine Wroxham Crag.  Although the Wroxham Crag deposits are generally thin 
(less than 10 m) they record deposition from the Early to the Middle Pleistocene (Rose 
et al., 2001; Rose, 2009, 2010) and may contain within them a significant hiatus 
(Zagwijn, 1975; Gibbard et al., 1991, 2008; Lister, 1998).  The base of the Wroxham 
Crag (Figure 6.8) forms a very low relief and probably irregular surface that extends 
over most of eastern Norfolk and truncates progressively older Lithofacies Units to the 
west and to the north (Figures 5.3.20; 5.3.24). The Wroxham Crag lies directly on the 
Chalk on the North Norfolk coast, e.g., at Weybourne.   The dip on the base of the 
Wroxham Crag is significantly less than that of the projected uplift surface of Marker 
Bed C (Figure 6.8) and much less than that at the base of the Crag (Figure 5.3.13) and 
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suggests that a significant proportion of the uplift of the Lithofacies Units occurred 
before the erosion that formed the basal surface of the Wroxham Crag. However, the 
basal surface is unlikely to represent a single event and resulted from several periods of 
transgression and erosion that extended into the Middle Pleistocene (Rose, 2009, 2010). 
The basal surface may slope slightly towards the coast but the data for the definition of 
the Wroxham Crag in the Ormesby and West Somerton boreholes are poor. 
 
The correlation of the quartzose gravels at higher elevations around Norwich (Figure 
6.9) with the marine Wroxham Crag on the basis of clast lithology (Rose et al., 2002; 
Read et al., 2007) has not been substantiated and they are now interpreted as fluvial 
deposits or part of the Norwich Crag (Section 5.2.4). Hamblin and Rose (2012) have 
suggested that the quartzose gravels to the south of the yellow area in Figure 6.8, and as 
far as Saxmundham, belong to the Wroxham Crag.  However, no compelling evidence 
is presented by them or in Hamblin et al. (1997) and Moorlock et al. (2000) to ascribe a 
marine rather than fluvial (or even glaciofluvial) origin for these gravels (Rose et al., 
1999c; Green and McGregor, 1999). More work on the quartzose gravels in northeast 
Suffolk is needed (Rose et al., 2012) and this will be important because if the gravels 
are marine they indicate either an older erosion surface that is not preserved to the north 
or that there is more post-Wroxham Crag uplift in Suffolk than is seen in Norfolk. 
 
Offshore, the base of the Yarmouth Roads Formation (YM in Figure 6.10) oversteps the 
older prograding sequences and appears to lie unconformably on older Pleistocene 
formations towards the edge of the basin and the basal surface of the Yarmouth Roads 
Formation dips only slightly towards the basin centre in the area to the south of the 
Dowsing Hewett Fault Zone (sections X-X’ and Z-Z’ in Figure 6.10). The low relief on 
the basal surface of the Yarmouth Roads Formation is consistent with that seen at the 
base of the Wroxham Crag and gravel sequences in Norfolk. The base of the Formation 
dips much more steeply to the north of the Dowsing Hewett Fault Zone (section Y-Y’ in 
Figure 6.10).  Risdijk et al. (2005) interpreted a major stratigraphic boundary within the 
Yarmouth Roads Formation that has been correlated with the onset of the top of the 
Markhams Hole Formation at around 1 Ma (de Gans, 2007).  The Yarmouth Roads 
Formation also oversteps the older Pleistocene formations and onlaps the Sole Pit 
Trough inversion to the north of Norfolk (Cameron et al. 1992, Figure 102).  The 
equivalent of the Yarmouth Roads Formation in Norfolk (Wroxham Crag Formation,  
	   406	  
 
 
 
 
 
Fi
gu
re
 6
.1
0.
 S
ec
tio
ns
 s
ho
w
in
g 
th
e 
ge
ne
ra
l r
el
at
io
ns
 o
f t
he
 S
ou
th
er
n 
B
ig
ht
 D
el
ta
 e
le
m
en
ts
.  
N
ot
e 
th
e 
co
nt
ra
st
 in
 th
e 
re
la
tio
ns
hi
p 
of
 
th
e 
ba
se
 o
f t
he
 Y
ar
m
ou
th
 R
oa
ds
 F
or
m
at
io
n 
(Y
M
) t
o 
th
e 
un
de
rly
in
g 
un
its
 in
 s
ec
tio
ns
 X
-X
’ a
nd
 Z
-Z
’ c
om
pa
re
d 
w
ith
 th
at
 in
 s
ec
tio
n 
Y
-Y
’ w
hi
ch
 li
es
 to
 th
e 
no
rth
 o
f t
he
 D
ow
si
ng
 H
ew
et
t F
au
lt 
Zo
ne
. F
or
 lo
ca
tio
ns
 a
nd
 k
ey
 s
ee
 F
ig
ur
e 
6.
1.
 F
ro
m
 F
ig
ur
e 
6 
in
 C
am
er
on
 
et
 a
l.,
 1
98
9.
 
 
	   407	  
 
including the Cromer Forest-bed) may consist of both older and younger elements 
corresponding to the two different age units within the Yarmouth Road Formation.   
 
6.2.4.4 The evidence for differential movement and faulting. 
 
Syndepositional faulting has affected the Crag in central Suffolk (Figure 6.11) (Bristow, 
1983; Hamblin at al., 1997; Moorlock et al., 2000; Section 4.4) with throws of up to 40 
m on the southern side of the Stradbroke Trough. The presence of faults has so far been 
inferred from offsets in lithological units between boreholes as none have been 
described in outcrop within the Red and Norwich Crag (other than those from 
subsequent glacial deformation). However, Rose et al. (2012) have recorded one at 
Salhouse (~ 5 km to the northeast of Norwich).   Geophysical investigations (Cornwell, 
1985; Cornwell et al., 1996; Moorlock et al., 2000) demonstrated that gravity 
lineaments were related to basement features associated with some of the proposed 
faults (The Sudbury Bildeston Ridge, Figure 6.12). The upper age limit of the 
interpreted faulting is not clear. Bristow suggested it terminated prior to the 
Bramertonian (i.e. within the Norwich Crag) whilst Hamblin et al. (1997) suggested that 
it may have extended higher in the section (post-Bramertonian) and Hopson and Bridge 
(1987) suggested that faulting may have caused an ~ 10 m offset in a Baventian silt 
marker on the east side of their Tofts Monk Ridge, ~5 km north of Beccles (Figure 6.9). 
Away from central Suffolk, the ridges and troughs in the base of the Crag have been 
shown to be erosional and not tectonic features (Chaper 4).  
 
The presence of faults has been detected intersecting two boreholes in this study.  The 
base of the Crag in the Stradbroke borehole is marked by a normal fault that throws 
Marker bed A against the underlying Chalk (Figure 5.3.15).  Correlation of the 
borehole’s GR log with that from the UEA 3 Stradbroke borehole, 1.4 km to the south, 
indicates an offset in four markers. The throw on the fault reduces upwards from 15 
metres at the top of Marker bed A to 7 metres at the base of Marker bed C.  Therefore, 
the latest movement of the fault postdates the deposition of Marker bed C.  A normal 
fault with a throw of 10 – 15 m is present at the base of the Palaeogene, Hales Clay 
Member in the West Somerton borehole (Figure 5.3.26) but it is not clear if the fault 
affects the younger Crag sequence.  
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The Framlingham Ridge appears to be a long established tectonic element affecting the 
deposition of both the Chalk and the Palaeogene sediments (Chapter 4) that was 
progressively onlapped by the Lithofacies Units sequence.  The Ridge has marked faults 
on its northwestern side (Debenham and Pettaugh faults, Figure 6.11) and more minor 
faults on the southeastern side.  The Chalk Ridge can be traced northwards to just 
beyond Beccles where it underlies the Pleistocene feature termed the Tofts Monks 
Ridge by Hopson and Bridge (1987).  The Framlingham Ridge trends northeast-
southwest in the south and changes to north-south above the northern end of the 
Stradbroke Trough (Figure 6.12).  The Palaeogene sediments are only preserved on the 
eastern flank of the Ridge. 
 
 
 
 
 
Figure 6.11. Map of syndepositional Crag faults. From Bristow, 1983, Figure 1.   
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Figure 6.12. Contour map of the base of the Crag and names of features overlain with 
gravity and magnetic lineaments from Busby et al., 2006 (Figure 6.13) and correlation 
section in Figure 6.9. Boreholes are discussed in the text. National Grid squares are 
spaced at 10 km intervals. 
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The Bouger gravity anomaly and reduced-to-pole magnetic field maps for East Anglia 
(Figure 6.13) indicate a complex structural mosaic within the basement.  The dominant 
lineaments and anomalies trend northwest-southeast with the two dominant elements on 
the Bouger gravity map are the Dowsing Hewitt Fault Zone (DHFZ) to the north and 
the possible extension of the Glinton Thrust running through south Suffolk (Chadwick 
and Evans, 2005; Musson, 2007).  The strong magnetic lineament (ML1) is part of a 
major system of lineaments that extends with a consistent trend across along the 
northern margin of the Anglo-Brabant Massif and defines major structures within the 
pre-Mesozoic basement (Lee et al., 1993) and has also been related to the Normanton 
Hill Fault that controlled Upper Palaeozoic sedimentation in the Widmerpool Gulf to 
the west (Busby et al., 2006). ML2 forms part of a trend that extend westwards to the 
Midlands termed the Grantham lineament (Cornwell and Walker, 1989). Magnetic 
lineaments ML 11, ML12, ML13 and gravity anomaly GA10 are probably related to a 
Caledonain granitic intrusion that extends from the Wash across north Norfolk 
(Chroston and Sola, 1982; Chroston 1985; Chroston et al. 1987).  The interpretation of 
the more subtle gravity lineaments with north-south and northeast-southwest trends 
requires more detailed analysis to establish reliable basement models (Figure 6.12).  
Two of the more subtle gravity lineaments have been reported on; GL7 is related to a 
100 m high basement ridge that underlies the Sudbury-Bildeston Ridge that separates 
the Brome and Stradbroke Troughs (Figures 6.11, 6.12) (Cornwell, 1985; Cornwell et 
al., 1996) which Bristow  (1983) interpreted as being bounded by faults that were active 
during the Pleistocene: GLX marks a boundary between a bouger gravity anomaly 
maximum, to the north, that has been interpreted as a response to near-surface upper 
crustal Caledonian rocks and a mid crustal magnetic body, from a lower gravity area to 
the south that may indicate the presence of an interval of low density Silurian and 
Devonian rocks (Moorlock et al., 2000) and may represent a faulted boundary in the 
basement.  A number of earthquakes have been recorded in East Anglia (Figure 6.14A) 
although the precise location of their associated movement is difficult to locate 
(Mussson, 2007). A seismotectonic study by the British Geological Survey (Chadwick 
et al., 1996) suggested that there are two incipient strike slip faults bounding the area 
(Figure 6.14B): The Dowsing Hewitt Fault Zone (DHFZ) to the north and the Glinton 
Thrust trend to the south with other disturbances in between (Chadwick et al., 1996).  
Good quality reflection seismic data across East Anglia are limited but a  
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basement thrust has been identified in south Norfolk – The Broadlands Thrust 
(Chadwick and Evans, 2005) (Figure 6.12). 
 
The intersection of different fault trends within the basement has the potential to create 
basement blocks that may behave differently from one another during periods of 
regional uplift or subsidence.  The work of members of the London Basin Forum, in the 
area to the south of East Anglia, has identified a range of structures and features that 
suggest the London Basin is divided into compartments by faults that may have moved 
quite recently (summarized in Royse et al., 2012). The relationship of subtle gravity 
lineaments to the shape of the Crag basin and to the sedimentary record suggests that 
the structure of the Crag basin may be similarly compartmentalized, particularly in the 
area of the Framlingham Ridge.   
 
Three aspects of the geometry and sediments indicate that parts of the Crag basin have 
behaved as distinct structural elements during Pleistocene uplift.  
 
1. The Chalk bedrock ridge (Mendham Ridge) between the Ilketshall and 
Stradbroke Troughs. 
2. The marked difference in the uplift between the Stradbroke boreholes and the 
top of the Framlingham Ridge to the east and the top of the Mendham Ridge to 
the north. 
3. The abrupt termination of the Framlingham Ridge at its northern end, the 
elevation of Lithofacies Units sequence in the area and the offset in the strike of 
base Crag and top Chalk surfaces. 
 
The southern end of the Ilketshall trough has an asymmetric cross section that is 
analogous to that seen in the Stradbroke Trough to the southwest.  Although Hamblin et 
al. (1997) did not associate a fault with the steep limb of the Ilketshall Trough, the 
Trough’s southeastern margin lies on trend with the fault systems to the southwest 
(Figure 6.12) and the geophysical interpretation in Moorlock et al. 2000, Figure 4) 
extends a fault (Pettaugh Fault, Figure 6.11) northwards through this area and to the 
west of gravity lineament (GLW). However, the Stradbroke and Ilketshall troughs are 
separated by a marked ridge in the top of the Chalk/base of the Crag, the Mendham 
Ridge, that rises to over 20 m above the low points in the troughs to the north and to the 
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south(figure 6.12). The northern end of the Stradbroke Trough and the Mendham Ridge 
are parallel and possibly associated with a northwest-southeast trending gravity 
anomaly  (GLZ) (Figure 6.12). 
 
The Mendham Ridge is also situated close to the termination of major northwest-
southeast magnetic lineament ML1 (Normanton Hill Fault trend, Busby et al., 2006), 
the intersection of ML1 with the GL7 anomaly associated with basement ridge between 
the Brome and Stradbroke basins (Cornwell et al., 1996) and the change in strike of the 
base Crag surface northwards to a north-south trend (Figure 6.12).  The Mendham 
Ridge is connected to the Framlingham Ridge to the east along a relatively low relief 
surface at the base of the Crag between OD and -20 m (Figure 6.12). The low relief of 
this surface cannot be attributed to later glacial erosion as Crag (Lithofacies Units I – 
III) is present over most of this surface and it must therefore be at least Early 
Pleistocene in age.  The slope of the base of the Crag on the Framlingham Ridge 
increases to the south between the GLZ and GLX lineaments and the GLX lineament 
has been associated with a possible basement fault (Moorlock et al., 2000) and the fault 
at the base of the Crag in the Stradbroke borehole (Figure 5.3.22). The elevation of the 
Mendham Ridges suggests it may have remained a positive structural feature during the 
deposition of Lithofacies Units I and II whilst penecontemporaneous subsidence or 
faulting occurred to the north and to the south, or that it has been uplifted subsequently.  
The borehole correlations across the Mendham Ridge (Correlation sections B-B’ and C-
C’, Figures 5.3.22 and 5.3.23) suggest that Lithofacies Unit I was possibly unaffected 
by the ridge whereas Units II and III may have thickened to the south of the Mendham 
Ridge suggesting it may have been more tectonically active during that period. 
However, Lithofacies Unit II and III in the Stradbroke Trough were subsequently 
uplifted to greater elevations than found to the north of the Mendham suggesting that 
the relative movement may also have changed with time 
 
It is suggested that the Mendham Ridge, between the Ilketshall and Stradbroke Trough, 
was formed by differential uplift associated with northwest-southeast trending basement 
structures after the deposition of Lithofacies Unit I and movement continued until after 
the deposition of Lithofacies Unit III and possibly until as recently as the Middle 
Pleistocene. 
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The abrupt termination at the northern end of the Framlingham Ridge coincides with an 
offset in the strike of the Crag and Chalk and in the preservation of the Palaeogene 
sediments.  These offset trends are themselves parallel to the gravity lineament GLY 
and the basement Broadlands Thrust (Figure 6.12). Taken together, these features 
suggest the existence of an important basement tectonic lineament that may have been 
active during the Pleistocene.  The elevation of the base of the Crag and the marker beds 
within it in the Beccles (UEA 1) borehole, close to the northern end of the Framlingham 
Ridge, are noticeably higher than would be expected from the regional slope of the Crag 
to the east (see Correlation Section E-E’, Figure 5.3.25; Figure 6.12). A few miles to the 
north of Beccles, Hopson and Bridge (1987, Figure 2b) recorded a 10 m displacement in 
a silt marker bed near the top of the Crag on the eastern side of their Tofts Monks Ridge 
(Figure 6.9) that is underlain by a Chalk ridge close to the northern the end of the 
Framlingham Ridge. The gravel sequence between the top of Lithofacies Units I- II and 
the glacial sequence is also clearly flexed above Tofts Monk Ridge, underpinned by the 
Chalk, but is not flexed above the non-tectonic, erosional feature of the Hales Ridge to 
the west (Figure 6.9) and indicates a period of uplift of the Framlingham Ridge after the 
deposition of the gravel.  Whether this movement was accommodated by faults or 
flexing above blind faults is unclear.  Unfortunately, the age of the gravels on top of the 
Tofts Monk Ridge is debatable. Hopson and Bridge (1987) differentiated the gravels on 
the top of the Ridge from those to the east (that they considered younger and of marine 
origin) on the basis of the quartzite:quartz ratio and correlated them with Bytham 
(Ingham) river deposits to the west.  The quartzite:quartz ratio is not a reliable criterion 
for discriminating gravels as the ratio can be influenced by the mean clast size of the 
gravel (Section 5.2.2.5.1) and this factor cannot be evaluated as Hopson and Bridge 
(1987, Table 3) combined the grading analyses for all Pre-Anglian gravels in a single 
set.  Westaway (2008) interpreted the gravels on top and to the east of the ridge as 
having been deposited during MIS stage 15. In spite of the difficulties in dating the 
gravels it seems likely that they were deposited during the Early Middle Pleistocene and 
that a period of relative uplift postdated them. 
 
The eastern boundary of the northern Framlingham Ridge is less clear as possible 
bounding fault have not been recognised in boreholes other than in the Tofts Monks 
area.  However, the smaller ridge in the Chalk and Palaeogene sediments to the east of 
Tofts Monk Ridge seen around borehole 24 in Figure 6.9 is almost identical to that 
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recorded as a fault downthrowing to the west near Wenhaston, 15 km to the south, by 
Hamblin et al. (1997, Figure 5 section 2).  None-the-less, there appears to be a distinct 
Northern Framlingham Ridge block bounded to the north by the GLY/Broadlands 
Thrust lineaments, to the west by the GLW lineament and to the south by GLX and 
GLZ tectonic lineaments that appears to have a different uplift history from the areas 
around it and that uplift occurred possibly until the late Middle Pleistocene.  
 
The evidence from the terrace stratigraphy to the west (Bytham) and to the southwest 
(Thames) suggests that these areas underwent greater uplift than was experienced in the 
basement block at the northern end of the Framlingham Ridge (Whiteman and Rose, 
1992; Westaway et al., 2002; Lee et al., 2006; Rose, 2009).   The lineaments that 
underlie the Mendham Ridge and the southern border of the North Framlingham Ridge 
are probably part of a major west-northwest to east-southeast trending structural feature 
that extends from ML1 eastwards across the North Sea into Belgium (Lee et al., 1993) 
and may control the strike of the southern margin of the Pleistocene basin. The gravity 
lineaments in East Anglia change direction slightly to the north of the major structural 
feature: the dominant trends move from west-northwest to more northwest.  The strike 
of the Chalk and the base of the Crag also change orientation along the same line and 
the slope of the basal Crag surface and the extent of uplift are both greater to the south. 
Allen (2005) suggested that tectonics may account for the unusually low elevation of 
Moreton Terrace gravels to the north of Great Blakenham (at Creeting St Mary and 
Badwell Ash).  It is suggested that the Glinton Thrust extension/Ipswich High (Figures 
6.13, 4.2) may form the southern boundary to another basement block beneath the 
southern part of the Framlingham Ridge and the inconsistency in the elevation of the 
terrace gravels recorded by Allen (2005) may reflect differential movement of the 
basement block after their deposition. The existence of a mosaic of basement blocks 
imposing differential uplift histories over limited areas poses an additional challenge in 
the correlation of isolated terrace deposits based solely on their present day elevation. 
 
The actual uplift mechanism during the Pleistocene remains enigmatic (Blundell and 
Waltham, 2009) although it seems likely that the differential movement on Mendham 
Ridge and northern Framlingham Ridge blocks was a response to isostatic adjustments 
to erosion and/or possibly compression from lateral movement along a basement fault 
zone in response to intra-plate stresses (Hillis et al., 2008; Cloetingh et al., 2006; Doré 
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et al., 2008).  
 
The locations of the lineaments shown in Figures 6.12 and 6.13 (apart from GL7 and 
GLX) are interpretative and were made without reference to detailed models of 
geological data (Busby et al., 2005). The interpreted geophysical lineaments in Figures 
6.12 and 6.13 are unlikely to reflect identical geological features (e.g., compare GLX 
with GL7), some may not even be real (Busby et al., 2006) and others may have no 
significance for differential movement during the Crag. However, the coincidence of 
lineaments and geological features in the Crag provide prima facie evidence for tectonic 
influences, although more geophysical work and modeling integrated with detailed 
geology is desirable to substantiate or define the situation more precisely.   
 
6.3 Summary and conclusions 
 
Models for the interaction of eustatic changes in sea level and accommodation space for 
the three Lithofacies Units tied to palaeomagnetic data suggest that they probably 
accumulated between 2.5 and 2.1 Ma although it is possible, but less likely, that they 
accumulated from 2.5 to 1.9 Ma.  
 
The evidence for large British rivers during the deposition of Lithofacies Units I, II and 
III is limited and the widespread occurrence of heavy mineral assemblages dominated 
by garnet, epidote and amphibole suggests the sands within the Units originate from the 
river systems lying to the east and have been transported to East Anglia by tidal and 
wind driven currents.  
 
Differential movement affecting the Lower Pleistocene sediments can be demonstrated 
with stratigraphic offsets of up to 40 m at the margin of the Stradbroke Trough and to a 
lesser degree in other areas around the Framlingham Ridge. 
 
The evidence for faulting in the Crag as opposed to differential subsidence above blind 
faults has not been established except in one borehole within the Stradbroke Trough. 
 
Analysis of some of the geophysical lineaments and the Early to Middle Pleistocene 
geology indicates that the basement is probably formed of different compartments or 
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blocks that have responded differently to subsidence and uplift during the Early to 
Middle Pleistocene.   
 
The combination of the bounding geophysical lineaments, differences in the slope of the 
base Crag surface and the elevation of the Lithofacies Units suggest that the northern 
part of the Framlingham Ridge and the Mendham Ridge (between the Stradbroke and 
Ilketshall Troughs) lie above distinct basement blocks that underwent differential 
movement in at least two and possibly more phases: during the early Pleistocene 
throughout and after the deposition of Lithofacies Unit III (~ 2.1 Ma) but before the 
deposition of the Wroxham Crag; and during or after the Middle Pleistocene. 
 
A major northwest-southeast trending structural feature (probable fault zone) in the 
basement extends across Suffolk and the North Sea to the Continent and has influenced 
the deposition in and shape of the Early Pleistocene basin in East Anglia. 
 
More detailed geological and geophysical data and modelling will be required to 
demonstrate the complexity and extent of differential movement in basement blocks 
during the Pleistocene across East Anglia. 
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Chapter 7 
Conclusions 
 
This chapter brings together the main findings of the thesis arranged as sets of bullet 
points under critical themes.  The detailed analyses and justifications for the conclusions 
are contained in the preceding chapters.  
 
7.1 Basal surface of the Crag  
 
• The Crag basin in East Anglia is the western end of a shallow platform 
developed 250 km to the southwest of the major north-south trending 
Quaternary depocentre.  
 
• In East Anglia, the Crag basin is formed by an easterly dipping surface that is 
bounded to the north by the Dowsing-Hewett Fracture Zone and the Mid-
Tertiary uplifted area of the Sole Pit Trough and to the south by Ipswich 
Felixstowe High within the Anglo-Brabant Massif.  
 
• The base of the Crag is a polygenetic surface caused by pre-Crag fluvial erosion 
that has subsequently been modified by marine processes during the 
transgression(s) of the Crag sea.  
 
• The ridge and trough relief developed on the top of Palaeogene sediments 
beneath the Crag is the result of erosion with no evidence for a tectonic 
influence.  
 
• The ridge and trough relief developed on top of the Chalk in central Suffolk and 
beneath the Crag has a more complex history of fluvial and tidal erosion and has 
been amplified by syndepositional subsidence that is related to fault movements 
in the basement that extended into the Early Pleistocene and possibly later.  
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7.2 Crag stratigraphy and palaeoenvironments  
 
• The prevailing biostratigraphic model for the Early Pleistocene, based largely on 
pollen assemblage biozones, is not robust and has been sustained by qualitative 
and subjective adjustment to accommodate new data and the lack of better 
alternative models.  
 
• The Red Crag seen in outcrop in southeast Suffolk is older than and separated 
from the Red Crag in the troughs (Sizewell and Thorpeness members) to the 
north and west.  
 
• The Crag sequence that is younger than the Red Crag seen in outcrop (the 
Sizewell and Thorpeness members of the Red Crag, the Ludham Crag and the 
Norwich Crag) has been divided into three new lithofacies units (I, II and III).  
 
• The Lithofacies Units lie above and onlap a regional unconformity in East 
Anglia that correlates with that at the base of the Westkapelle Ground Formation 
in the southern North Sea.  
 
• Lithofacies Units I, II and III accumulated in shallow coastal/estuarine 
environments and are capped by muddy, tidal flat deposits that create silty clay, 
marker beds (named A, B and C respectively). The tops of the silty clay marker 
beds and base of the overlying sediments are probably minor unconformities 
related to eustatic falls in sea level tied to more pronounced climatic cold stages.  
 
• The base of Lithofacies Unit sequence is marked by a regional unconformity 
that is overlain by coarser, transgressive sediments containing reworked, older 
fossil remains.  
 
• The coarse shelly sands, previously assigned to the Red Crag, in central Suffolk 
and Essex are much younger, marginal facies of Lithofacies Unit III. 
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• The thickness and lateral extent of the sediments in the Lithofacies Units 
suggests that they formed predominantly as prograding, highstand, open coast or 
tidal deltaic deposits in which the supply of sediment kept pace with or slightly 
exceeded the accommodation space created by subsidence and rising sea level.  
The boundaries of the Lithofacies Units are probably diachronous.   
 
• The accommodation space created by the pre-existing trough and ridge relief, 
basin subsidence and increases in relative sea level led to a progressive infill and 
expansion of the margins of the basin. Local syndepositional subsidence 
increased the accommodation space in the Stradbroke Trough.  
 
• The period of time represented by the three Lithofacies Units suggests an 
extremely low, average rate of sediment accumulation. However, it is very likely 
that the sequence contains many diastems as a result of the depositional and 
erosional complexities of shoreline and coastal sequences. As a result it is 
composed of fragmentary sedimentary records that reflect local and possibly 
very brief temporal variability.  
 
• Extensive reworking of fossil material, the complex depositional environment 
and fragmented sedimentary records make correlation and systematic resolution 
of environmental change during the Early Pleistocene difficult. 
  
• The contrasting climatic evidence from different biological proxies within some 
Early Pleistocene age sediments indicates that the glacial – interglacial extremes 
of climate invoked in the pollen assemblage biozone model are not reliable.  
 
• The palaeomagnetic polarities of the sediments, the age of the arvicolids and the 
presence of the foraminifera, Neogloboquadrina atlantica, suggest that the age 
of Lithofacies Units I to III ranges between < 2.6 Ma and ~2.2 Ma and is older 
than previously envisaged for the Norwich Crag. 
  
• Lithofacies Unit I is thickest in the troughs at Ludham (30 m) and Ormesby (24 
m) and decreases westwards and south-westwards, probably in response to 
differential subsidence. The Unit thins through onlap over the pre-existing 
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erosional ridges and is absent from much of the Framlingham Chalk Ridge. 
Marker bed A is of variable thickness but appears to be thickest in the south and 
reaches a maximum of 10 m in the Stradbroke Trough. 
  
• Lithofacies Unit II is thickest in the south in the Sizewell and Stradbroke 
Troughs where it reaches 25 – 30 m compared to 10 – 15 m in the centres of the 
Ludham and Ormesby Troughs. As with Unit I, Unit II generally thins 
westwards (outside the troughs) in response to differential subsidence and thins 
through onlap over pre-existing highs. Unlike Unit I, it was deposited across the 
northern parts of the Framlingham Chalk Ridge. Marker bed B reaches a 
maximum thickness of 8 m in the Ormesby borehole and can be recognised in 
the deeper parts of the basin and in the northern area but is not present in the 
south of the area (Stradbroke and Sizewell troughs).  
 
• Lithofacies Unit III consists of generally finer sands than Unit II in the south but 
is composed of coarser sands in Norfolk and reaches its maximum thickness in 
the area between Lowestoft and Great Yarmouth (~ 30 m). Marker bed C 
equates with the Chillesford Clay member and its equivalents and it is missing 
over most of Norfolk beneath a polygenetic erosion surface overlain variably by 
the Westleton beds, Wroxham Crag, Bytham River or glacigenic sediments.  
 
• The exposure of the Dobbs Plantation Member at its type site is redefined as part 
of the Norwich Crag and probably correlates with Lithofacies Unit III as the 
proportion of quartzose clasts in the gravels is similar to that seen in the upper 
part of the Norwich Crag type site at Bramerton and the records of M. balthica 
in it have been found to be incorrect.  
 
• The widespread occurrence of non-opaque heavy mineral assemblages 
dominated by garnet, epidote and horneblende within the Lithofacies Units 
suggests the sands originated from the Eridanos and proto-Rhine river systems 
lying to the east, rather than from British rivers to the west. The sands were 
transported to East Anglia by tidal and wind driven currents.  
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7.3 Early Pleistocene river systems  
 
• The origin of the high quartzose gravel lag and assortment of far-travelled clasts 
with in subunit 2c of the Norwich Crag at Bramerton (Lithofacies Unit II) is 
enigmatic, as it is for similar clasts in the older Red Crag outcrops to the south. 
The clasts are not taken to indicate an early, obliquity driven climatic effect on 
the river systems feeding the Crag basin from the west as the heavy mineral 
assemblages of the associated sands do not support a westerly sediment source. 
The probable origins of the clasts are reworked older Tertiary beds (since 
removed regionally), littoral drift of clasts derived from outcrops to the north or 
from the river systems on the eastern side of the southern North Sea.  
 
• The high quartzose gravels overlying Lithofacies Unit III (Norwich Crag) in the 
area around Norwich have a complex stratigraphy. However, the gravels are 
distinguished from other gravels in northern East Anglia by a very high (often 
over 60%) and predominantly colourless, quartzose component.  
 
• The high quartzose gravels in the Norwich area are considered to be older than 
the Bytham gravels (with their distinctive coloured gravels) recorded to the 
south and to have been formed by an earlier Bytham River, that flowed 
eastwards from the Midlands through the Norwich Area.  
 
• Subsequently, the Bytham River migrated southwards, probably by river 
capture, to exploit a structural line of weakness in the Chalk associated with the 
Glinton Thrust lineament in the basement.  
 
7.4 Tectonic influences  
 
• The accommodation space for the 60+ m thickness of sediments that constitute 
Lithofacies Units I, II and III underlying the present day coastline exceeded that 
provided by any obliquity driven, eustatic sea level changes and was created 
predominantly by progressive subsidence. The amount of subsidence increased 
eastwards across the area.  
•  
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• Continued subsidence during the earliest Pleistocene (up to ~ 2.2 Ma) led to the 
onlap of progressively younger Lithofacies Units over topographic highs and 
around the margins of the basin.  
 
• The relationship between geophysical lineaments and the Early to Middle 
Pleistocene geology indicates that the basement is formed of compartments or 
blocks that have responded differently to subsidence and uplift during the Early 
to Middle Pleistocene. The block boundaries trend approximately east-southeast 
to west-northwest and northeast-southwest.  
 
• The North Norfolk Shelf has been a relatively stable area throughout the 
Quaternary located on the southwestern side of the Dowsing Hewett Fracture 
Zone and is probably underpinned in part by Caledonian granite.  
 
• The evidence for faulting within the Crag is limited and has been encountered in 
only one borehole within the Stradbroke Trough. It has not been established 
whether the stratigraphic offsets between boreholes that have been interpreted as 
faults indicates fractures or differential subsidence above blind faults.  
 
• The northeast-southwest trending Framlingham Chalk ridge is an old tectonic 
trend that has affected sedimentation since the Cretaceous.  
 
• The combination of the bounding geophysical lineaments, differences in the 
slope of the base Crag surface and the elevation of the Lithofacies Units suggest 
that the northern part of the Framlingham Ridge and the Mendham Ridge 
(between the Stradbroke and Ilketshall Troughs) lie above distinct basement 
blocks that underwent differential movement in at least two and possibly more 
phases: during the early Pleistocene until after the deposition of Lithofacies Unit 
III (~ 2.1 Ma) but before the deposition of the Wroxham Crag; and during or 
after the Middle Pleistocene.  
 
• A major northwest-southeast trending structural feature (probable fault zone) in 
the basement, to the north of the Glinton Thrust lineament, extends across 
	   425	  
Suffolk and the North Sea to the Continent and has influenced the deposition in 
and shape of the Early Pleistocene basin in East Anglia. 
 
7.5 Overview  
 
Much of the palaeoenvironmental work on the Crags is over thirty years old and largely 
based on palaeontological interpretations. Over that time there have been significant 
advances in understanding the environmental controls on modern faunas, the 
relationship of faunal assemblages to depositional environments, taphonomic processes 
and the development of statistical techniques in palynology. More advanced 
palaeontological techniques should be combined with more widespread and systematic 
sedimentological analyses of the sediments to improve the palaeoenvironmental 
understanding of the Crags. However, better chronological dating than is currently 
available is probably needed to resolve the subdivision and palaeoenvironmental history 
the earliest Pleistocene marine sediments in East Anglia.   
 
More detailed geological and geophysical data and modelling combined with better 
geochronological data will be required to demonstrate the complexity and extent of 
differential movement in basement blocks during the Pleistocene across East Anglia and 
their potential impact of stratigraphy, particularly in the correlation of isolated river 
terrace aggradations based on their current elevation.  
 
The model presented here attempts to integrate the subsurface records and outcrops of 
the Early Pleistocene Crag in Norfolk and Suffolk in a way that gives primacy to the 
depositional and tectonic context and considers the palaeontology but is not constrained 
by previous biostratigraphic paradigms. The imperfect and patchy nature off the 
geological records and the complexity of the depositional environments means that 
there are still uncertainties and simplifications within the model: the relationship of the 
Crag sequences in Suffolk to those in Norfolk is not fully resolved. The model will 
undoubtedly be revised as more and better quality data becomes available. However, the 
model does offer a consistent process based framework within which to consider 
tectonic and palaeoenvironmental reconstructions and to relate the local geology with 
wider palaeoenvironmental and geological contexts.  	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Unpublished borehole data 
 
 
 
Appendix 2.1.a Original geophysical records for the Environment Agency Waveney 
Valley observation boreholes (Entec, 2004): 
 
Aldeby 
Bedfield 
Bungay 
Ilketshall 
Needham 
Rumburgh 
Shelton Green (not used) 
Sneath Common (not used) 
Stradbroke 
Worlingham 
 
 
 
Appendix 2.1.b Lithological descriptions of samples from the Environment Agency 
Waveney Valley Boreholes prepared by supervised students of the Geography 
Department, Royal Holloway. 
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Appendix 2.1.a 
 
Original geophysical records for the Environment Agency Waveney Valley observation 
boreholes (Entec, 2004): 
 
Aldeby 
Bedfield 
Bungay 
Ilketshall 
Needham 
Rumburgh 
Shelton Green (not used) 
Sneath Common (not used) 
Stradbroke 
Worlingham 
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Appendix 2.1.b 
 
Lithological descriptions of samples from the Environment Agency Waveney Valley 
Boreholes prepared by students of the Geography Department, Royal Holloway. 	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Appendix 3.1.  The Ludham area boreholes 
 
Introduction 
 
Palaeontological and palynological data from boreholes at Ludham have been very 
influential in the development of the stratigraphy of the Red and Norwich Crag in East 
Anglia (particularly: West, 1961, 1967; Funnell, 1961; and Funnell and West 1977; 
Mitchell et al., 1973). Descriptions of the sediments and analysis of their sedimentology 
are limited. More recent gamma ray logs through two boreholes at Ludham have 
provided a detailed record of the vertical changes in lithology and these have been 
combined with the published information to provide an integrated interpretation of the 
lithological and palaeontological data.  
 
The data 
 
There are a number of boreholes within 30 m of one another at Ludham. The Royal 
Society research borehole (TG 385 199) drilled in 1958 (West, 1961) is the principal 
one from which data has been derived. Funnell’s (1961) records of foraminifera are 
from the Pilot borehole (TG 3851 1996) that was drilled in 1950 and located 29.2 m 
(West, 1961, p. 452) to the west of the Royal Society borehole.  The GR logs have been 
recorded in two water boreholes (PS P4 and PS P5) drilled in 2001 and 2002 (both at 
TG 3853 1995) between the other two boreholes and 10 m to the south.  The basal 
contact of the Crag with the Palaeogene, London Clay was encountered in three of the 
boreholes and the correlation of the four boreholes is shown in Figure A.3.1. Although 
the data comes from four, albeit probably close, boreholes there are differences in the 
elevation of the base of the Crag: West (1961) records it at -49.7 m (-163’), Funnell at 
50.4 m (-165.5’) and, the gamma ray log in PS P5 indicates it to be at -48 m.   
Correlation of the two gamma ray logs indicates that there are minor variations in the 
recorded elevations of unit boundaries/markers.  The correlation of the Pilot borehole 
with Royal Society borehole is the most speculative as it is based on changes in 
lithologies recorded in the brief descriptions in Funnell (1961).  
 
A summary of the main data and existing interpretations used in this study is provided 
in Figure A.3.2 and is derived from the following authors: Funnell, 1961 (foraminifera); 
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West 1961 (palynology); Norton, 1967 (mollusca) and Burger in Gibbard et al., 1991 
(heavy minerals). The lithological column is a synthesis of the data contained in West 
(1961) and Norton (1967). 
 
 
 
 
Figure A.3.1.  Correlation of the four boreholes drilled at Ludham close to OS Grid 
Reference TG 385 199. Note that the differences in elevations of lithological boundaries 
between boreholes appears to be due mainly, but not always, to errors in depth 
measurement.  The correlation with the Pilot Borehole (Funnell, 1961) is more 
speculative. The Royal Society borehole is taken from data in West (1961) and Norton 
(1967). The GR logs for the other two boreholes are from Hydrogeological Services 
International 
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Figure A.3.2. Summary of the published data and interpretations for the Ludham boreholes. 
Data is from West (1961), Funnell (1961), Norton (1967), Burger in Gibbard et al. (1991).  
The GR log is from Hydrogeological Services International and depth adjusted to match the 
base of the Crag in Royal Society borehole. Note the difference in elevation at the base of 
the sand interval at ~ -20 m. 
 
In subsequent sections the depths have all been “normalised” to that of the Royal 
Society borehole because the bulk of the data is already calibrated to the Royal Society 
borehole depths.  There is 1.7 to 2 m offset in the correlations between it and the more 
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recent boreholes with gamma ray logs. In the Royal Society borehole there was 
considerable core loss between -14.8 m and – 18.6m (West, 1961).  As a result the 
precise locations of the material from samples at – 15.7 m (-51.5 ft) and -18 m (-59 ft) 
in Norton (1967) are uncertain.  The heavy mineral data was redrawn from Gibbard et 
al. (1991), as Burger (personal communication) was unable to locate the original data. 
 
Funnell’s (1961) warm foraminifera horizon “L V” from the pilot borehole lies within 
the same depth range of the cold Thurnian interval of West (1961, p. 444) (Figure 
A.3.2).  However, Funnell and West correlated horizon “L V” (1977, p. 257) with the 
warm Antian interval of West (1961) presumably on the basis that they were both 
recovered from sandy intervals at similar, but different levels. Funnell (1961) named the 
coarse shelly sand at the base of the sequence (Funnell’s Horizons L I and L II) “the 
Ludham Crag”.  
 
The sequence has been divided into 7 units (Figure A.3.3) and the lithological 
descriptions are taken from West (1961) and Norton (1967).  West (1961, p. 440) 
provides brief descriptions of the variations in the sediment sequence, e.g., “grey sand 
with grey clay seams”; “grey silty clay with shells”, and his lithological section drawing 
(West, 1961, Figure 2) provides a very general representation of the written 
descriptions. However, Norton (1967) undertook detailed particle size analyses over the 
lower two thirds of the borehole (Figure A.3.3) although the vertical intervals included 
in a sample varied from a few centimetres to up to two metres and his particle size 
intervals are rather large and unusual. Brief sedimentary descriptions of the main 
sedimentary elements of the sequence in the pilot borehole are provided in Funnell 
(1961) who records flint and phosphatic pebbles at the base of the section.  There are no 
detailed descriptions of sedimentary structures available.  Norton (1967) also provided 
the numerical proportion of shell material that was too badly preserved or abraded to 
enable diagnosis beyond the genus level (Incompletely determinable mollusca in Figure 
A.3.3).  Unfortunately, he did not provide the proportion of the total sediment composed 
of smaller shell detritus not recognizable at the genus level. Inspection of the textural 
analysis suggests fine shell debris was probably significant within the shelly sand 
intervals (Figure A.3.3).  
 
 
	  	   523	  
 
 
 
 
 F
ig
ur
e 
A
.3
.3
. G
ra
ph
ic
al
 re
pr
es
en
ta
tio
n 
of
 d
at
a 
pr
es
en
te
d 
in
 W
es
t (
19
61
, p
ol
le
n)
, N
or
to
n 
(1
96
7,
 p
ar
tic
le
 si
ze
, m
ol
lu
sc
s)
, F
un
ne
ll 
(1
96
1,
 
fo
ra
m
in
ife
ra
) a
nd
 R
id
in
g 
et
 a
l. 
(2
00
0,
 re
w
or
ke
d 
pa
ly
no
m
or
ph
s)
 fr
om
 L
ud
ha
m
 b
or
eh
ol
es
. T
he
 F
is
he
r a
lp
ha
 v
al
ue
s f
or
 d
iv
er
si
ty
 w
er
e 
ca
lc
ul
at
ed
 
us
in
g 
th
e 
da
ta
 p
re
se
nt
ed
 b
y 
th
e 
re
le
va
nt
 a
ut
ho
r l
is
te
d.
  T
he
 G
R
 lo
g 
is
 fr
om
 th
e 
PS
 P
5 
bo
re
ho
le
 (H
yd
ro
ge
ol
og
ic
al
 S
er
vi
ce
s I
nt
er
na
tio
na
l. 
	  
	  	   524	  
The palaeontological data used in the descriptions and interpretation below is taken 
from: Funnell, 1961 (foraminifera); West 1961 (palynology); Norton, 1967 (mollusca); 
Burger, in Gibbard et al., 1991 (heavy minerals); Head, 1996 (dinoflagellates), and 
Riding et al., 2000 (reworked palynomorphs) 
 
 Unit 1 (-49.5 to – 40 m).  
 
The Crag lies unconformably on an eroded surface of Palaeogene sediments (Chapter 4, 
Figure 4.21). The base is marked by a layer of black flints and phosphatic nodules and 
is overlain by coarse to medium, shelly grey sands that are gravelly below -47 m. The 
sands contain a diverse suite of heavy minerals that is dominated by garnet (up to 50%) 
(Figure A.3.2). The GR indicates two beds of finer grained sediments (not recorded by 
West, 1961, and Norton, 1967) either side of sand bed with high percentages of abraded 
molluscs (40%).  The GR curve suggest a slight coarsening upwards sequence in the 
upper part of the unit that is mirrored in the particle size analysis. The GR curve also 
suggests that the sand is not a homogenous unit and contains beds of different grain 
sizes and this is reflected in the persistent 10-20% of the < 75 µm fraction recorded in 
the bulk samples (Figure A.3.3).  
 
The molluscs in the gravelly sand bed below -47 m are composed of a very high 
proportion of abraded forms and have a high species diversity.  These two factors 
suggest the interval contains significant reworked material.  The peak of Red Crag or 
older molluscs (Figure A.3.3) is composed largely of a very small gastropod (Caecum 
glabrum) and may reflect current sorting by a storm event. The foraminifera are 
dominated by Anomalininae (33 - 45%), particularly Cibicides lobatulus (23 -32%) that 
prefers current swept, coarse substrates (Murray, 2006), and Elphidiella hannai (20 – 
35%) which lives in cold shallow seas today. Funnell (1987) recorded 
Neogloboquadrina atlantica from the base of the Ludham borehole at -47.4 m and -49.4 
m , these depths may equate with silty clay intervals on the GR log (Figure A.3.3). The 
upper limit of N. atlantica in the North Atlantic is considered to be at 2.41 Ma 
(Gradstein et al., 2005). 
Unit 1 corresponds closely with Funnell (1961) and Norton’s (1967) subdivisions based 
on foraminifera and the mollusca (Figure A.3.2) and both fossil groups indicate water 
depths of 15 metres or more The coarse grained sediments, the gravels at the base, the 
reworked shells and the foraminifera suggest that this unit was deposited as a 
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transgressive, predominantly high energy, shallow marine sand sheet.  The dominance 
of the foraminifera C. lobatulus in the sediments suggests that persistent offshore, tidal 
currents swept the sea floor, reworked the sediment and removed much of the finer 
component.  Periods of lower energy, finer grained deposits are indicated by the GR 
curve and are probably offshore muds or heterolithic beds.  The GR log character at the 
base of the sands suggests an erosional lower boundary and may indicate deposition in 
tidal sand bars.  
 
Unit 2 (-40 m to -24.5 m) 
 
This unit records a progressive fining up sequence that is readily visible on the GR log 
and has been divided into two subunits at -34.5 m. 
 
The base of the subunit 2a is marked by a change from coarse and medium shelly sand 
to an interval of predominantly medium, grey shelly sand with grey clay seams.  The 
increase in the percentage of coarser particles (600 – 2400 µm) upwards in subunit 2a is 
associated with reductions in the number of individual molluscs and the percentage of 
incompletely determinable molluscs, and an increase in the 75 µm sediment fraction 
(Figure A.3.3).  As the coarsening upward trend in the particle size analysis is not 
reflected in the GR log it may reflect an increase in the content of fragmented, shelly 
material rather than an increase in coarser siliclastic material. The heavy mineral suite 
in this subunit is similar to the unit below and dominated by garnet (Figure A.3.2). 
 
There is a marked drop in the percentage of Anomalininid foraminifera (11 – 17%) and 
an increase in E. hannai (38 – 53%) in this subunit compared to the unit below (Funnell, 
1961) and species indicative of very shallow water appear for the first time (Elphidium 
excavatum). The extant species component of the molluscan assemblages is only 
slightly different from that of the unit below with a slightly higher, albeit small (< 10%) 
component of littoral and shoreline molluscs (Norton, 1967, Figure 2). However, the 
extinct species component of the assemblage (predominantly the robust gastropods 
Cingula semicostata semicostata and Nucella lapillus vulgaris) is notably smaller 
(Norton, 1967, Figure 2). The peak of the percentage of older molluscs at the base of the 
unit (Figure A.3.3) is, again, dominated by the very small gastropod Caecum glabrum. 
A single dinoflagellate sample near the base of the unit suggests an open marine 
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environment of deposition for the sediments (Head, 1996) and the foraminfera and 
molluscs indicate deposition in shallow water depths of around 15 metres (Funnell, 
1961, Norton, 1967). Funnell (1961) records many examples of the echinoid 
Echinocyamus pusillus, numerous bryozoa and an abundance of barnacle remains in the 
Ludham Crag (= Units 1 and 2a) of the pilot borehole. 
 
The dominance of medium grain sands and the reworked shells suggest that subunit 2a 
was deposited in a high energy, shallow marine environment and probably in shallower 
water than the unit below. The presence of clay seams and the decline in the percentage 
of Anomalininid foraminifera and robust, extinct gastropods in the sediment reflects a 
reduction in the energy of tidal currents reworking the sediments and may explain why 
palynomorphs were recovered from this unit but not the one below (West, 1961).  As in 
Unit 1 the sharp base to the GR log suggests deposition in a tidal bar. 
 
Subunit 2b (-34.5 to -24.5 m) is composed of grey, shelly sands with clay seam at the 
base and pass upwards into grey, silty and sandy clays. The upward fining trend is 
visible on both the particle size analysis and the GR log.  The increase in the percentage 
of the 75 – 210 µm fraction of the bulk samples upwards suggests that there is a 
progressive reduction in the median grain size of the sands as well as an increase in the 
proportion of clay/silty clay beds. The heavy mineral suites of the sands have similar 
components to the sands below but the proportion of garnet is much lower and 
amphibole much higher (Figure A.3.2).  
 
The change in sediment texture upwards is matched with an increase in the percentage 
of the mollusc, Abra alba, in the assemblages from 16% to 51%.  A. alba is an infaunal 
bivalve that lives in low energy, muddy sand substrates from the lower shore to 70 
metres and prefers environments with weak tidal influences and sheltered from wave 
action and is found today, e.g., along the Dutch coast and in the Oosterschelde delta 
area(MarLin, http://www.marlin.ac.uk/specieshabitats.php?speciesID=2307; WoRMS, 
http://www.marinespecies.org/aphia.php?p=taxdetailsandid=141433 ).   
 Norton (1967, p.172) considered that A. alba’s presence in subunit 2b was related 
directly to the sediments, i.e., the fauna is in situ or reworked very locally.   The number 
of individual molluscs increases upwards in this subunit and the percentage of 
incompletely determinable forms decreases although the mollusc species diversity 
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remains about the same. Norton (1967) and Funnell (1961) considered that the molluscs 
and the foraminifera, respectively, indicated deposition in a shallow marine sea less 
than 15 m deep. The depositional water depth for this unit is probably shallower than 
the unit below as inter-tidal molluscs are more persistent and abundant (6 - 10%). The 
gastropod, Hydrobia ulvae, appears toward the top of the unit and is typical of estuaries 
and salt marshes. A. alba is usually found in water depths greater than 5m 
 
The diversity of the foraminifera assemblages from this unit is much lower than in the 
lower beds but does, surprisingly contain a significant quantity of C. lobatulus (19%). 
The single dinoflagellate sample recorded from the middle of the subunit (Head, 1996) 
suggests open marine conditions. 
 
The sediments of subunit 2b are interpreted as being deposited in a low energy, shallow 
marine environment with a progressively increasing proportion of fine silts and clays 
being deposited as the influence of tidal currents or wave action declined.  The actual 
water depth is uncertain but the progressive decrease in the water depth interpreted by 
Funnell (1961) and Norton (1967) seems probable and the molluscan assemblages are 
consistent with deposition on the outer reaches of an estuary or in the sheltered, offshore 
areas in water depths greater than 5 m. The components of the heavy mineral suites are 
similar but the increase in the relatively light amphibole component at the expense of 
the denser garnet may reflect hydrodynamic sorting within the sediment.  
 
Unit 3 (-24.5m to -20 m, GR log depth in Figure A.3.3). 
 
Unit 3 is composed of grey, silty clay with sand partings.  There appears to be 1 m 
offset in the depths of this unit in the Royal Society borehole and the GR log from the 
PS P5 borehole owing to Units 1 and 2 being 1 m thinner in the latter borehole (Figure 
A.3.2). The heavy mineral suites of this unit are dominated by amphibole and are 
similar to those of subunit 2b below 
 
Very few mollusc remains were recovered from this interval and Norton (1967) 
considered they provided insufficient data for environmental interpretation. Funnell’s 
(1961) foraminifera assemblages from his Horizon LIV are assumed to come from an 
interval correlative with this unit (Funnell and West, 1977), are brown in colour and 
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have low species diversity.  Funnell attributed the brown colouration of the foraminifera 
to oxidation in the sediment prior to the deposition of the overlying unit and was 
indicative of a disconformity. However, it is more likely that the foraminifera are 
derived, possibly by local reworking, since the oxidation processes that coloured the 
foraminifera would also have affected the enclosing sediment that is grey in colour 
(Maiklem, 1967). 
 
The similarity of the heavy mineral suite in Unit 3 to that of subunit 2b suggests that 
these sediments are genetically linked and the fine grain deposits represent the 
culmination of the depositional trend of declining energy seen in the underlying unit.  If 
this trend reflects a reduction in water depth, then these sediments may have 
accumulated as tidal mudflats 
 
The relationship of fossil records to sediment texture in Units 2 and 3 
 
Several trends in the pollen and foraminifera assemblages can be recognised and 
matched to trends in the lithology indicated by the GR curve and the particle size 
analysis (Figure A.3.2) in units 2 and 3. 
 
The ratio of arboreal pollen to non-arboreal pollen (AP:NAP) between -30 m and -20 m 
declines upwards as the GR progressively increases and the sediment grain size 
decreases.  The upper part of this interval (above -24.5 m) yielded richer or better 
preserved assemblages than the beds below (West, 1961, Figure 2) and also contained 
the highest recorded proportions of reworked pollens and spores (Riding et al., 2000) 
(Figure A.3.3).  
 
The diversity of the foraminifera assemblages, as indicated by the Fisher alpha, declines 
upwards from -38 m to -25 m (it should be noted that the foraminifera samples came 
from a different borehole and the samples at -19m and -21 m in Figure A.3.3 are 
correlated by West and Funnell (1977) with the interval above -20m in the Royal 
Society borehole).  In addition, the ratio of the foraminifera Ammonia beccarii to 
Elphidiella hannai decreases over the same interval. A. beccarii is considered by 
Funnell (1989) to indicate warmer conditions whereas E. hannai is found in cold 
shallow water shelves (Murray, 2006) and the two species do not co-exist today. 
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Harland et al. (1991) recognised the effects of current sorting on Crag foraminifera 
asssemblages in the nearby Ormesby borehole and Funnell’s (1989, Plate 12.1) 
illustration of these two species suggests E. hannai is notably smaller than A. beccarii 
so the ratio may reflect current sorting of the foraminifera assemblages rather than 
climatic change.  
 
There appears to be a clear relationship between the fossil record and the sediment 
texture in units 2 and 3. West (1961) related changes in the AP:NAP to changes in 
climate and tentatively related the enclosing sediment to eustatic changes in sea level 
related to changes in climate. The variations in the sediment texture are related to 
changes in marine processes and the depositional environment. Whilst these variations 
in depositional environment could be driven by climatic change the evidence for 
climatic change at Ludham is contradictory. The foraminifera and the molluscs indicate 
mixing of material from different climatic ranges in the sediments of Units 1 and 2, e.g., 
the co-occurrence of the foraminifera E. hannai (cold) and A. beccarii (warm) and the 
co-occurrence of molluscs whose geographic ranges do not overlap today (e.g. Serripes 
groenlandicus and Calyptraea chinensis).  Funnell (in Gibbard et al., 1991) suggested 
that the coarse basal Crag sequence in the troughs, such as at Ludham, may contain 
extensive reworked material and this could explain the contradictory climatic 
indications.  
 
Norton (1967, p. 117) observed that “molluscan populations [in the Crag] do not vary 
with climate as sensitively as the pollen and foraminifera” and by, implication, the 
depositional environment was a more significant factor in variations in the assemblages.   
The presence of abundant shallow water, thermophyllic dinoflagellates 
(Operculodinium israelianum) in West’s Thurnian cold stage deposits, i.e. Unit 3, 
(Head, 1996) is also problematic for a climatic control on the AP:NAP.  
 
Chowdhury’s (1982) study of present day palynomorph distributions in the offshore, 
tidal and estuarine deposits of the southeast North Sea (German Bay) found that the 
sediments in the tidal flats contained the lowest percentage of arboreal pollen 
(comparable to Unit 3), arboreal pollen appeared commonly in coarse and well sorted 
sediments, and increased as a proportion of the total assemblage offshore (comparable 
to Unit 2). The close relationship between the composition of the pollen assemblages 
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and the sediment in Units 2 and 3 at Ludham can be explained in terms of changes in 
the sedimentary environment and differences in the recruitment and preservation of 
pollen (including possible reworking) in response to altered patterns of wave or current 
movements rather than to changes in climate.  
 
Unit 4 (-20 m to – 16 m, GR log depth in Figure A.3.2). 
 
The elevations of the unit boundaries are shown offset by 1 metre between the PS P5 
and Royal Society borehole in Figure A.3.2.  In reality the base of the Crag may be 
offset by this amount between the two wells rather than this unit but it is not possible to 
determine which depth adjustment, if any, is correct.  This interval was poorly sampled 
in the Royal Society borehole owing to poor core recovery (West, 1961, p. 440) but the 
GR log confirms West interpretation that this unit consisted of sand.  There is also a 
significant depth offset in the samples from the pilot borehole, Horizon L V, (Funnell, 
1961) that are correlated with this interval by Funnell and West (1977), See Figure 
A.3.2.  In addition, the two samples described by Norton (1967) from this interval are 
recorded from depths where West (1961) records no recovery. 
 
The GR log indicates a sharp base to the unit and the sediment in the short core 
recovered from within the interval is described as grey flint grit with shells and silty 
clay partings.  The heavy mineral suit components remain similar but the lighter 
amphibole is reduced, the garnet increases slightly but resistates (including zircon) 
increase notably (Figure A.3.2). 
 
The pollen assemblages change abruptly at the base of the unit over a 30 cm interval 
(West, 1961, p. 446) and return to a higher AP:NAP and the tree genera found in this 
unit are the same as in the lower Unit 2 (~L  I b of West, 1961) although with different 
percentages.  Similarly, the foraminifera assemblages resemble those of the coarser 
units below (Funnell, 1961, p. 350) with a higher ratio of A. beccarii to E. hannai albeit 
with a lower species diversity (Figure A.3.3).  Funnell (1961) considers the foraminifera 
indicate an open marine environment whereas Norton (1967) and Funnell et al. (1979) 
consider the molluscs from this interval indicate shallow marine with estuarine 
influences. The low number of individuals, high diversity and high percentage of 
incompletely determinable forms in the mollusc assemblages resembles those at the 
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base of the sequence in Unit 1 (Figure A.3.3) but differs in containing a higher 
proportion of intertidal molluscs and a single freshwater specimen (Norton, 1967).  The 
single sample of dinoflagellates from this interval contains no fully oceanic indicators 
(Head, 1996) and the interval contains significant reworked palynomorphs (Riding et 
al., 2000) (Figure A.3.3). 
 
The sharp base to the unit 4 shown by the GR log and reflected in the pollen 
assemblages suggest it has an erosional base.  The high diversity and high concentration 
of abraded forms in the mollusc assemblages suggests reworking of the sediment and 
the presence of intertidal molluscs indicated proximity to the shore. The blocky shape of 
the GR log, the coarse grained nature of the sand suggest that this unit was deposited in 
a high energy environment such as a bar in a tidal channel close to the shore.  
 
Unit 5 (– 16 m to -12 m, GR log depth in Figure A.3.2). 
 
Much of this unit was rotary cored and consists of grey clay and silty clay with fine 
sand partings. Sand partings are more frequent in the lower part of the unit where and 
shells are also present.  The GR log is not able to resolve the individual thin sand 
partings but responds to their frequency (Figure A.3.2). The GR log indicates a 
coarsening up sequence at the base of the unit overlain by a fining up sequence. The 
heavy mineral suite contains the same components as found in the unit below, but 
amphibole and, to a lesser extent epidote, have increased percentages whilst resistates 
have declined (Figure A.3.2). 
 
The molluscs from this interval are low in numbers but with a high proportion being 
incompletely determinable (Figure A.3.3) and the majority of forms present are from 
sub-tidal groups inhabiting a range of different substrates (Norton, 1967) with only very 
minor percentages of inter-tidal species. Norton (1967) considered this assemblage 
reflected an increase in the water depth of the sedimentary environment. E. hannai is 
the dominant foraminifera in this interval (L VI and possibly L VII on Figure A.3.2) and 
Funnell (1961) records some new cold tolerant species in the assemblages as well as 
large and thickened forms. He considered that the assemblages indicated the sediments 
were deposited under open and possibly stormy conditions. Pollen is present only in the 
lower part of the unit and has a very low AP:NAP and a high percentage of the 
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dinoflagellates are reworked (Figure A.3.3) and the proportion of Mesozoic pollen in 
the total reworked pollen is higher than in the units below. The contemporary 
dinoflagellate assemblages contain a significant number of cool tolerant species but a 
warm component is also present and together they suggest a more open marine 
condition than in the unit below (Head, 1996). 
 
The heterolithic and predominantly fine grain character of the sediment indicates 
fluctuating energy levels in with an overall increase in the proportion of silty clay 
upwards, the sparse mollusc assemblages indicate substantial reworking of the coarser 
elements by intermittent currents. A tidal channel infill sequence is interpreted for this 
interval with offshore molluscs swept shorewards by occasional tidal currents in the 
base of the channel. The absence of pollen in the upper fine grain part of the section 
could be the result of their destruction by oxidation during periodic drying of the 
surface sediments (Gibbard, 1988a). 
 
Unit 6 (OD to -12 m, GR log depth in Figure A.3.2). 
 
The GR log indicates two coarsening upward sequences capped by a thinner heterolithic 
unit at the top. The lowest coarsening upward sequence corresponds to 3 m of sediment 
described as grey to brown, locally ferruginous, sandstone with clay partings and a layer 
(10 – 15 cm?) of rounded black flints near the base. The upper coarsening upward 
sequence is much thicker and the serrated log pattern suggests a higher clay content 
than in the sequence below.  The clay is also described as forming seams rather than 
partings in this sequence.  West’s (1961) description of the sands also reflects a 
coarsening up sequence. The lowest metre is composed of medium to fine grey sand 
with small flint chips, mica and seams of grey clay and light brown sand and overlain 
by three metres of light brown medium to coarse, micaceous sand with grey brown and 
brown silt clay seams with iron cementation at the boundaries and a layer of small flint 
pebbles near the top. The top of this unit is formed of light brown and rusty finer sand 
with brown silt and clay seams and authigenic iron concretions. There is no indication 
that the mica is having a significant affect on the GR log.   
 
The heavy mineral suites from the two samples from the lower part of the unit (Figure 
A.3.2) contains the same components as found in the unit below but are dominated by 
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garnet and similar in character to the suites from Unit 2. The uppermost heavy mineral 
sample (Figure A.3.2) at -4 m contains the same components but notably higher 
percentages of tourmaline (28%) and metamorphic minerals (10%). The uppermost 
sample comes from an interval with a thin gravel and the increase in tourmaline and 
decrease in garnet appears to represent a trend that parallels an increase in grain size of 
the sands from fine to medium at the base up to gravel within medium to coarse sand.   
Medium to coarse sand is not recorded at lower levels in the sequence so the change in 
the heavy mineral percentages may be a function of hydrodynamic sorting, the 
increasing influence of a new sediment source or it could signal that there are two 
distinct depositional units (possibly separated at – 7m at the base of the coarser sand 
unit).  The data available is insufficient to resolve the matter. 
 
No foraminifera or molluscs are recorded from this interval. Pollen was recovered from 
samples near the base and divided into two pollen zones by West (1961). The samples 
representing the lower zone (L 4c) appear to have come from the top of the lowermost 
coarsening upward sequence and those of the upper zone have come from near the base 
of the upper coarsening upward sequence. The dinoflagellates from the base of the 
upper coarsening upward sequence (West’s L 4c zone) contains a similar assemblage to 
that seen in Unit 5 (West’s L 2 zone) but suggest a slightly cooler climate and less open 
marine environment (Head, 1996). This sample also included a high proportion of 
reworked palynomorphs (8%), particularly dinoflagellates (Figure A.3.3), and had the 
highest proportion of reworked palynomorphs derived from the Mesozoic (57%) in the 
samples studied by Riding et al. (2000) from this borehole.  Riding et al. (2000) 
attributed the presence of reworked palynomorphs throughout the section at Ludham to 
erosion in the hinterland, to the west and northwest, and the transport of sediment to the 
marine basin by a major river system.  West (1961) noted the presence of a “number of 
water plant pollen grains” in the same interval that he took to indicate freshwater 
conditions. 
 
Significant variations in the energy of the depositional system are indicated by the wide 
range of grain sizes in the sediment in Unit 6.  The sequence is interpreted as shallow 
marine sheet sands deposited in relatively shallow waters, possibly close to a river.  The 
extensive authigenic iron cementation and nodules and the brown colour of the sands in 
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the upper part of the unit (above ~ -8 m) probably indicates oxidation of the sediments 
by groundwater movements. 
 
Unit 7 (OD to surface at 6m) 
Very little information is available on this unit. It is described as sands with stones and 
thin bands of yellow clay.  This unit may correlate with the sandy gravels of the How 
Hill Member of the Wroxham Crag Formation as the type site for the Member lies 0.8 
km to the west-southwest of the borehole and at a similar elevation (Rose et al., 1996). 
 
Other boreholes in the Ludham area. 
 
GR logs are available for boreholes at Sharp Street, Catfield and Malthouse Lane 
(Figure 5.3.20) but the lithological descriptions of the sediments are poor. The 
interpretation of these wells will be included in section 5.3.2.3.2.2. 
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Appendix 3.2  The Ormesby boreholes 
 
Introduction 
 
The BGS drilled the boreholes at Ormesby (TG 5145 1425, Figure 5.3.1) in 1982 to 
provide a completely cored borehole that could be used as a stratotype for the Lower 
Pleistocene sequence (Cox, 1985, p.109).  The borehole was extended below the Crag 
through 69 m of the London Clay and Thanet Formations (Knox et al., 1990) and 
penetrated the Chalk at -134 m OD. Triple core barrel drilling was used to obtain 
undisturbed samples and provide a more reliable basis for sampling than was available 
in earlier, shell and augur drilled boreholes. Unfortunately, there was considerable core 
loss in the interval above -42 m OD (Cornwell, 1985, Figure 2) in the first borehole (A) 
and two further, shallower boreholes (B to -44.2 m and C to –17.8 m) were drilled to 
obtain cores over this interval. The elevation of the land surface at the A drill site (5.33 
m OD) is uncertain and may be 3 - 4 metres higher than has been recorded (A. Morigi, 
personal communication).  The ground elevation of the B and C boreholes is ~1.5 m 
lower than the A borehole. Somewhat surprisingly, the biostratigraphical interpretation 
of the Ormesby boreholes did not match that recorded by West (1961) from the Ludham 
borehole, 14 km to the northwest (Cox, 1985; Harland et al., 1991). 
 
The Data 
 
A summary of the key published data on the Ormesby borehole is presented in Figures 
A.3.4, A.3.5 and A.3.6.  Analyses of the dinoflagellate, foraminifera and pollen 
assemblages are given in Harland et al. (1991) and brief descriptions of the lithology 
and interpretation of the depositional environment are provided in Harland et al. (1991) 
and Arthurton et al. (1994, p. 33, 34).  Photographs of selected cores are contained in 
Arthurton et al. (1994, Plates 1a and 1b).  Particle size analysis of the sand component 
of the sediments from the interval -29 m to -65 m OD is given in Harland et al. (1991, 
Figure 5) (Figure A.3.6). The analyses in Harland et al. (1991) contain samples from the 
A and B boreholes but it is not stated in the text if the difference in surface elevation 
was taken into account when plotting the results against depth below surface in their 
figures. On close examination of their data it seems unlikely that the offset taken into 
account.  In the following discussion, all depths relate to depths below OD and tied to 
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the A borehole. Brief core descriptions are available for all three boreholes (available 
online at http://mapapps.bgs.ac.uk/boreholescans/boreholescans.html).  
 
The cores were examined as part of this research primarily to calibrate the GR log 
responses with lithology and facies (Section 5.3.2.2; Figures A.3.6, A.3.7, A.3.8 and 
A.3.9). An extensive suite of wireline logs was run by BPB Industries through the A 
borehole (Cornwell, 1984, 1985, Figure A.3.10) and a Mt Sopris GR tool was run by the 
BGS in the B borehole (Figure 5.3.9).  Hallam (1995) and Maher and Hallam (2005a) 
presented a detailed palaeomagnetic study of the lower part of the borehole (Figure 
A.3.4).  
 
No additional data on these boreholes is available in the BGS files (A. Morigi, personal 
communication). 
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Description and interpretation 
 
The cores from the three boreholes were inspected briefly to validate the descriptions of 
them prepared by BGS staff.  As a result, the descriptions of the units given below 
draws heavily on the BGS work but the BGS data has been enhanced or modified where 
necessary by personal observations.   The palaeontological data is taken from Harland et 
al. (1991). The sequence has been divided into eight units and a summary of the 
lithologies and depositional environments for each of the units are shown next to the 
GR log in Figure A.3.11. The interpretation of the biostratigraphical data by Harland et 
al. (1991) will be evaluated first because their interpretation led to them to conclude that 
the sequences at Ludham and Ormesby were significantly different. If their 
biostratigraphic interpretation is accepted it has an impact on the interpretation of the 
depositional history of the sediments.  
 
The biostratigraphical analysis by Harland et al. (1991) suggested a major hiatus at -
40.40 (45.73 m below ground level) between units they assigned to the late Pre-
Ludhamian and the Pre-Pastonian a pollen stages (Figure A.3.4). The proportion of 
Protoperidinium spp in the dinoflagellate cyst assemblages declined above this point, as 
did the number of specimens per slide to less than 25 (Figure A.3.5).  Moreover, in the 
interval with moderate cyst recovery (units B, C and D in Figure A.3.5) there is an 
inverse relationship between the percentage of Protoperidinium spp in an assemblage 
and the proportion of reworked Pre-Neogene pollen and spores recorded at similar 
depths in the palynological analysis.   This relationship suggests that the dinoflagellate 
assemblages may also include reworked elements.  In contrast to the dinoflagellate 
record, the palynofloras above and below -40.40 m are similar with only minor 
differences in the frequencies of pollen groups (Figure A.3.4).  High arboreal pollen 
content tends to coincide with the units containing the coarsest sands (lowest GR values 
in Figure A.3.4); i.e. below -60 m and above -33.5 m and this relationship is similar to, 
but not as pronounced, as the one seen in the Ludham borehole (Appendix 3.1). Harland 
et al.’s proposed hiatus at -40.40 m corresponded with the base of a sand bed. The 
transition in the foraminifera assemblages at ~ -40 m has questionable stratigraphic 
significance as Harland et al. (1991) demonstrated that the composition of the 
assemblages was correlated with the grain size of the sediment and concluded that this 
indicated post-mortem sorting of the foraminifera.   Red stained and probably reworked 
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foraminifera occur in an interval (–42.77 to -33.89 m) that spans the major hiatus of 
Harland et al. (1991).  The most pronounced biostratigraphic break is at ~ -34 m at 
which point there is a marked increase in pine and decline in Ericales pollen, the high 
GR peak, possibly the upper limit of the red stained foraminifera (allowing for the 
offset in depth between the A and B boreholes) and an elevated proportion of pre-
Neogene taxa (25%) in the palynological sample. The comparison of palaeontological 
with lithological data in this borehole suggests that the apparent biostratigraphic 
boundaries may be facies controlled and caution is needed before interpreting these 
boundaries as significant chronostratigraphic events. 
 
Unit 1 (-53.5 m to -65 m) 
 
The basal Unit 1 lies directly on the London Clay Formation and is composed of poorly 
sorted, coarse and medium, shelly sand (Figure A.3.7 a) with inter-beds of silty clay. 
The unit has sharp upper and lower boundaries and the middle part of the unit contains a 
high proportion of silty clay beds (Figure A.3.7 b).  The GR log indicates fluctuations in 
the grain size that are also reflected in the particle size analysis (Figure A.3.6.).  
Glauconite is very conspicuous (visual estimate ~5 %) in the medium sand fraction of 
the lowermost, coarse sand beds.   The glauconite concentration within the sands 
decreases upwards in the Unit.  The shell material is predominantly fragmented with 
rounded edges but local concentrations of larger shells e.g. large Aequipecten 
opercularis (5 – 7 cm) and small Glycimeris sp. (3 – 4 cm) at -63 m.  Within the thicker 
sand beds there are scarce, very fine wispy (< 1mm thick) silty clay laminae.  The upper 
and lower boundaries between the silty clay and sand beds are abrupt (Figure A.3.7 b). 
Individual sand beds do not show any grading and the silty clay beds appear massive 
with rare, very thin laminae of very fine sand.  There is no evidence for bioturbation. 
The very coarse grain, basal sand (below -61 m) has a relatively high porosity that 
generates the distinctive character on the suite of logs shown in Figure A.3.10. 
 
The foraminifera assemblages are dominated by Cibicides lobatulus and contain derived 
material of Pliocene or older age. Variations in the palynological assemblages can be 
correlated with the lithology. The pollen assemblages were too sparse or poorly 
preserved to count in the very coarse basal sands; in the middle part of the unit (with 
alternating sand and silty clay beds) the pollen assemblages had a fluctuating 
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arboreal component (40 to 60%) and the base of the upper, coarse sand part of the unit 
correlated with the start of an upward increasing trend in percentage of Pre-Neogene 
taxa recorded (up to 20%) (Figure A.3.4). The dinoflagellate assemblages recorded 
from the upper and lower sand intervals (A and C in Figure A.3.5) were very similar 
and the middle interval, with more silty clay beds contained a similar flora but with 
increased percentages of Protoperidinium spp. (Unit B in Figure A.3.5).   
 
It is worth recording here that there is no marked palynological change in the 
assemblages recovered from the sediments below and above the top of this Unit 
(Figures A.3.4 and A.3.5). 
 
Magnetic polarity determinations from the upper part of the unit record a reversal from 
normal to reversed (Figure A.3.4). 
 
The unit is interpreted as having been deposited on a shallow offshore shelf.  The coarse 
basal, shelly and glauconitic sand with reworked older foraminifera is indicative of a 
transgressive lag deposit that has been winnowed by current action (Amarosi, 1995) 
 
The upper part of the Unit with inter-bedded sands and silty clay accumulated rapidly 
within a regime switching between deposition from suspension and from bedload as the 
beds lack evidence of bioturbation and have sharp boundaries.  The reduction in the 
concentration of glauconite, the improvement in pollen preservation (though still poor), 
the increase of finer grained material and the increase in the proportion of pre-Neogene 
palynomorphs in these beds suggests an open shelf with either an increasing proximity 
to a fine sediment source such as rivers (Riding et al., 1997, 2000) or a reduction in the 
energy of the local depositional regime.  
 
Unit 2 (-53.5 to -40.5 m) 
 
Unit 2 consists of interbedded and interlaminated silty clay and sand and the sediments 
are frequently bioturbated (Figures A.3.7 c and A.3.8).  The boundaries between the 
sand and silty/clay beds are sharp. Sand fractions are predominantly very fine grained 
and generally constitute less than 40% in the samples analysed from this Unit by 
Harland et al. (1991) (Figure A.3.6). The proportions of silt and clay and of sand in the 
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sequence are clearly reflected in the irregular but relatively high GR log (Figure A.3.6) 
and the unit can be divided into three subunits (a, b and c). Sand is both more abundant 
and slightly coarser in the middle of the unit (subunit 2b) and the upper subunit 2c is 
generally finer grained and more finely laminated (Figure A.3.8). Bioturbation rarely 
totally destroys the original bedding structure but can be quite intense (e.g., top of d in 
Figure A.3.8).  There are infrequent seams of fine shell debris and locally traces of 
glauconite and mica.  
 
The pollen assemblages are consistent throughout this unit and similar to that of the 
upper part of the underlying Unit 1 (Figure A.3.4) with around 40% arboreal pollen and 
high concentrations of Ericales (40 – 60%).  Reworked pre-Neogene taxa make up 10 – 
20% of the total pollen and spore assemblages. The dinoflagellate assemblages contain 
similar floral elements but with different percentages (Figure A.3.5).  Harland et al. 
(1991) recognised a marked increase in the proportion of Protoperidinium spp. at a 
level that equates with the base of the interval with sandier beds in the middle of the 
Unit 2 (Figure A.3.5). The foraminifera assemblages are dominated by small forms and 
the size distribution of their tests is related to grain size indicating they have been 
current sorted (Harland et al., 1991).  Towards the top of the Unit (above – 43 m) the 
foraminifera are stained red suggesting that they may have been reworked. 
 
The majority of the interval shows a reversed magnetic polarity with a small interval of 
normal polarity near the top of the unit (-41.1 to -41.9 m) (Figure A.3.4). 
 
The alternation of very fine sand and silty clay beds with sharp boundaries,  marine 
fossils and bioturbation is indicative of an environment with a relatively low, but 
fluctuating, energy regime such as would be found in a tidal estuarine/tidal flat 
environment.  The sequence is very similar to those described from inshore estuarine 
and tidal inlet deposits from the Netherlands (Terwindt, 1971, 1975).  The finer grained 
intervals are comparable to Terwindt’s Lithofacies III and mixed tidal flats (Reineck 
and Singh, 1975) and the coarser grained interval in the middle of the Unit is similar to 
his Lithofacies II (Terwindt, 1975). 
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Unit 3 (-40.5 to -34 m)  
 
Unit 3 consists predominantly of very fine and fine grained and often micaceous sands 
with drapes on ripple bedded intervals and rare silty clay seams (up to 1 cm thick). 
Many of the sands appear structureless and evidence of bioturbation is limited (Figure 
A.3.9 g).  The upper and lower boundaries of the Unit are abrupt (Figure A.3.6 and 
A.3.8 f). The base of the unit is marked by a thin medium sand bed above which both 
the GR log and the particle size analysis show a coarsening upward trend (Figure 
A.3.6). The sands contain traces of glauconite and locally fine shell debris.   Small 
rounded black flints are recorded near the base of the unit. 
 
The pollen assemblages from this Unit are very similar to that of the underlying Unit 2 
and contain around 40% arboreal pollen, high concentrations of Ericales (40 – 60%) and 
significant pre-Neogene taxa (~ 10%)(Figure A.3.4).  The foraminifera assemblages 
contain similar species to the unit below but in slightly different proportions. As in the 
upper part of Unit 2 the foraminifera are stained red in Unit 3. Dinoflagellate 
assemblages contain the same dominant forms as found in the unit below (Figure 
A.3.5), albeit in different percentages. However, cyst recovery from this interval was 
generally very low. 
 
There are no magnetic polarity determinations for this interval 
 
The similarity of the palaeontological data in this unit with that from the unit below 
suggests they are probably part of the same depositional sequence.   The decline in the 
silty clay fraction and an increase in the fine sand fraction compared to the unit below 
(Figure A.3.6) is interpreted as a response to a higher energy depositional system. The 
thin layers of silty clay reflect periods of slack water, possibly tidal, and the absence of 
bioturbation indicates a shifting sea floor and possibly rapid accumulation of the unit. 
The sharp base of the unit indicates an erosional event and the overlying, coarsening 
upward sequence of fine sands with reworked foraminifera, shell debris and minor 
ripple bedding indicates deposition as a shallow subtidal shelf sand sheet.   
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Unit 4 (-34 to -29 m) 
 
Unit 4 consists of two thin beds (each < 1.5 m thick) of interlaminated silty clay and 
very fine sand separated by a thick bed of predominantly medium sand. The lowermost 
50 cm of the sand is moderately well sorted but the remainder is poorly sorted. Within 
the sand there are layers containing flint pebbles and large shells, particularly at the 
base, as well as thin layers of comminuted shell debris.  The high peaks on the GR log 
reflect the finer grained interlaminated interval (Figure A.3.9 h) and the sand interval 
has sharp upper and lower boundaries.  The interlaminated silty clay and very fine sands 
are micaceous and show occasional ripple and lenticular bedding.  Bedding structure 
was not visible in the medium to coarse sand. Shell debris is common throughout the 
sand and there are traces of glauconite. 
 
The pollen assemblages are recovered only from the interlaminated beds (Figure A.3.4) 
and contain a higher proportion of arboreal pollen (~ 60%) and much reduced levels of 
Ericales (10%) than was recorded in the unit below.  Reworked Pre-Neogene taxa are 
also present and constitute 30% of the sample from the basal bed.  The most notable 
change in the foraminifera associations is the return of C. lobatulus as a dominant form 
and the absence of red stained forms. The dinoflagellate assemblages contain the same 
dominant forms but are notable for the highest concentration of Operculodinium 
israelianum (25%). 
 
The upper interlaminated bed has a reversed magnetic polarity and the lower bed has a 
mixed polarity (Figure A.3.4). 
 
The interlaminated silty clay and sands reflect deposition in a relatively low energy 
environment with rapid fluctuations in deposition from bedload and suspension. They 
are interpreted as shallow marine sub-tidal estuarine deposits (Terwindt, 1975, Facies 
III).  The absence of visible bedding structures in the poorly sorted medium to coarse 
sand interval makes interpretation of its depositional environment less clear. However, 
the dominance of the foraminifera C. lobatulus in the assemblages from this unit 
suggests the deposit accumulated in an outer estuary or on a sub tidal shelf environment 
rather than in a tidal channel sand within a tidal flat sequence.  
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Unit 5 (-29 m to -20 m) 
 
Unit 5 is composed of medium sand interbedded with intervals of micaceous, 
interlaminated silty clay and fine sand. The base of the unit is marked by an angular 
erosion surface overlain by sand and fine gravel (Figure A.3.9 h). Variations in the 
composition of the sediments are reflected by the GR log which shows a predominantly 
sandy interval at the base overlain by more heterolithic intervals with increasing 
proportions of finer material upwards. Mud flakes and mud balls are common in the 
sand and small flint pebbles are present at some levels.  Individual sand beds fine 
upwards and contain traces of glauconite. The boundary between the interlaminated 
silty clay and sand beds is abrupt and the sediments are disturbed in places by 
bioturbation (Figure A.3.9 i).  
 
The pollen assemblages from this interval are similar to those from the Unit below. The 
assemblages from Units 4 and 5 and both are richer and more organic (Harland et al., 
19991, p. 658) than those from Units 1 to 3 but still contain appreciable proportions of 
reworked Pre-Neogene taxa (~10%).  No foraminifera were recorded from this interval.  
Dinoflagellate assemblages are similar to those of the unit below (Figure A.3.5). 
 
The interval between -23 and -24 m has a normal magnetic polarity and the interval 
above has a mixed polarity (Figure A.3.4). 
 
The presence of marine dinoflagellates indicates deposition occurred in a marine 
environment.  The absence of both shell fragments and foraminifera in these units may 
indicate decalcification of the sediment.  The erosional base to the unit, the presence of 
reworked mud clasts and a fining up sequence with alternations between deposition 
from suspension and bedload indicates a tidal environment.  The basal sand is 
interpreted as a bar sand deposited within a tidal channel cut into the underlying unit 
and is overlain by a sequence of sub-tidal estuarine to mixed tidal flat deposits (Reineck 
and Singh, 1975; Terwindt, 1975).   
 
 
 
 
	  	   552	  
Unit 6 (-20 to – 8 m) 
 
Core recovery from Unit 6 was poor.  The Unit is composed predominantly of fine to 
medium sand that appears to be structureless.  Mud flakes and glauconite are recorded 
below -15 m. Occasional thin beds of coarse or very fine sand are also present.  The GR 
log indicates minor variations in the composition of the sediment and reflects variations 
in the grain sizes and, in the lower part, the presence of mud flakes. No shelly material, 
foraminifera or pollen has been recorded from this interval although Harland et al. 
(1991, Figure 3) indicate the very poor recovery of dinoflagellates from the interval 
although they are not described. 
 
The unit is interpreted as a shallow marine sand on account of the presence of 
galuconite and sparse dinoflagellates. 
 
Unit 7 (-8 to – 6 m in A borehole, -11 to -7 m in the B borehole) 
 
Comparison of the GR logs from the A and B boreholes indicate that there are 
significant differences in the thickness of this unit between the two boreholes (Figure 
5.3.9) and there was poor core recovery from this interval.  The unit consists of medium 
gravel composed of flint with some quartz and beds of fine sand and silt.  No 
palaeontological data is available from this unit other than Harland et al. (1991) 
recorded a very poor recovery of dinoflagellates but they were not described. 
 
The data are insufficient to interpret a depositional environment for this Unit, although 
Arthurton et al. (1994, p.114) attributed it to the Kesgrave Formation although it is 
more likely to equate with the marine Wroxham Crag (Rose et al., 2001) owing to the 
presence of sparse dinoflagellates. 
 
Unit 8 (-7 to +5.3 m) 
 
The section above -7 m is not discussed further as the base is marked by a till and 
Arthurton et al. (1994, p. 114) attributed the sequence to the glacial and glaciofluvial 
Corton Formation. 
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Appendix 3.3.  The UEA/Royal Society borehole programme 
 
Introduction 
 
The Natural Environment Research Council funded a research programme of five deep 
boreholes that was carried out by the universities of East Anglia and Cambridge during 
1969 and 1970. The boreholes were located at Beccles (UEA 1); Great Yarmouth (UEA 
2), Stradbroke (UEA 3), Hoxne (UEA 4) and Syleham (UEA 5) (Figure A.3.12). Each 
of the boreholes was drilled to the base of the Pleistocene using a shell and augur rig 
with U4 cores taken, where possible, in clays. The hole was continually cased as drilling 
progressed to minimise contamination of samples. 
 
 
Figure A.3.12. Locations of the 1969 and 1970 UEA boreholes in East Anglia. The 
Crag is absent in the coloured area. Ordnance Survey grid squares are 10 km. 
 
The data. 
 
Preliminary accounts of the sequences encountered by the boreholes are given in Lord 
(1969 a, b, 1972). Beck et al. (1972) gave a brief report on the palynology and 
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foraminifera from the Stradbroke borehole and Funnell and Booth (1983) provided 
more data on the foraminifera. Details of the pollen assemblages from each borehole  
 
 
Figure A.3.13. UEA boreholes: GR logs and lithological logs (Lord, 2012) 
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are contained in Beck (1971, unpublished PhD thesis).  Van Montfrans (1971) measured 
the magnetic polarities of cores near the base of the Stradbroke well.  Professor Alan 
Lord was involved in the original borehole project (Lord, 2012) and has kindly made 
available copies of his files that contain records of the drilling operations and on-site 
sample descriptions, data on pollen (from Beck) and foraminifera (from Funnell) 
distributions in the boreholes and GR logs (Figure A.3.13). These papers will be 
referenced as “Lord Papers” in the text.  The pollen based stages (West, 1961) that have 
been interpreted by various authors are shown on the diagrams for comparison although 
they are not a reliable approach to correlation (Chapter 3). Unfortunately, there is 
limited information on the variations in texture of the sediment as the primary objective 
of the project was to obtain biostratigraphic information.  Lord (2012) has provided a 
brief summary of the borehole programme and its results. 
 
GR logs were recorded by the BGS but no copy of them has been found in the BGS 
borehole records and the only records available are those that were redrawn for Figure 
A.3.13 that comes from the Lord (2012).   The scale of the GR log and equipment used 
is not known and there are frequent scale changes.  The magnitude of the GR scale 
changes in Figure A - 3.3.2 may not be correct (or, less likely, the scale is not linear) as 
redrawing the logs on a single scale results in very high relative readings in the high GR 
intervals. In order to reveal the character from the lower GR intervals in the UEA 
boreholes, their GR logs have been enlarged horizontally to a greater extent than those 
from other boreholes.  The character of the GR log is used to help interpret the facies 
and depositional environment through comparisons with the records in the Ormesby 
borehole (Chapter 5, section 5.3.2.2). 
 
The lithological sequences described in the following sections differ in detail from those 
shown in Figure A.3.13 because they were derived by combining the borehole sample 
descriptions with the GR log character, and where necessary making adjustments to tie 
borehole samples to GR log depths.  The vertical scale of the GR log from the UEA 5 
Syleham borehole in Figure A.3.13 was compressed by ~ 5 m in order to match the 
measured depth of the top of the Chalk in the borehole with the GR log. 
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Beccles borehole, UEA 1 (TG 418 894). 
 
This borehole was adjacent to a Victorian borehole at Beccles Waterworks described by 
Crowfoot (1879) and Whitaker (1906).  The UEA borehole was drilled to a depth of 49 
m and terminated in Chalk at -19.2 m OD.  The borehole recorded a very similar 
sequence to that recorded from Borehole 2 in Whitaker (1906, p. 25) and is illustrated in 
Figure A.3.14. The GR tool was unable to reach the base of the borehole so that the 
basal 3 m was not logged. There appears to be a problem with the scales of the GR log 
above 21 m as drawn in Figure A.3.13 and Figure A3.14 as the interval of “Boulder 
Clay” has low GR values and the sands below have high GR values and this situation is 
the reverse of that seen in other boreholes. 
 
The summarised description of lithologies in Crowfoot (1879) contains subtle 
differences to the description attributed to the same source in Whitaker (1906). 
Crowfoot (1879) provides extensive macrofaunal lists for the intervals containing 
shells.  Beck (1971) recovered pollen from 1 m OD to the base of the borehole (Figure 
A.3.14). Foraminifera were recovered from six levels between 1 m and -17 m (Lord 
Papers).  
 
Figure A.3.14. Beccles borehole. The GR log and lithological description of units (data 
from Lord Papers). The pollen assemblage stages and intepretation are from Beck 
(1971). 
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Description. 
 
The Crag lies on top of Cretaceous Chalk at a depth of -19.2 m and has been divided 
into five units for description. The top of the Crag is defined, in this description, by the 
base of an interval of iron-cemented gravel containing flint, quartz, chalk and broken 
shells.   
 
Unit 1 (19.2 to -9 m). 
 
The base of the Crag is marked by very shelly sand containing flints.   The problems 
with drilling the UEA borehole and the lithological descriptions in Whitaker (1906) 
indicate the presence of a silty clay interval between -15.5 and -16.5 m.  Above the silty 
clay interval the GR log indicates a coarsening upward sequence of green to grey, shelly 
sands to -9 m.  The presence of Anomalininae foraminifera (probably C. lobatulus) in 
assemblages at  -17 m (23%) and -11 m (12%) (Lord Papers) suggests that, by analogy 
with other boreholes, the sands in this interval are relatively high-energy deposits and 
probably fine to medium grained. Pollen assemblages are dominated by arboreal pollen 
(60 – 80%) (Beck, 1971) including Tsuga (up to 10%). 
 
Unit 2 (-9 to -4 m) 
 
Unit 2 is described as grey sand in the Lord papers. However, the GR log indicates a 
finer grain size than the Unit below and is similar in character to that recorded from 
interbedded sands and interlaminated silty clay and fine sands at the Ormesby borehole 
(Chapter 5, section 5.3.2.2).  
 
The foraminfera assemblages are dominated by Elphidiella (probably E.hannai), 
although Rotaliidae (probably Ammonia beccari (25%)) are at their most abundant at 
the base of the unit. Pollen assemblages are dominated by arboreal pollen (60 – 80%) 
(Beck, 1971) that includes Tsuga (up to 10%). The macrofaunal assemblage described 
by Crowfoot (1879) was probably recovered from Units 2 and/or 3 and the species are 
typical of the “fluvio-marine”/Norwich Crag (Crowfoot, 1879). The assemblage is 
composed from shells from a variety of habitats but intertidal molluscs such as 
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Hydrobia ulvae, Littorina littorea, Mya arenaria and Mytilus edulis are recorded as 
very common or common and there is a rare record for the freshwater mollusc Pisidium 
amnicum.   
 
Unit 3 (-4 to 1 m) 
 
Unit 3 has been described as muddy silt and clay (Whitaker, 1906), sand with thin clay 
seams (Lord Papers: Preliminary report on UEA 1).  The GR log indicates the Unit has 
sharp upper and lower boundaries and suggests a high proportion of the unit is 
composed of silt and clay. 
 
The palaeontological and palynological record for this unit is the same as for Unit 2. 
 
Unit 4 (1 to 6 m) 
 
Unit 4 is composed of shelly sand with, unusually for the Crag, some chalk clasts.  The 
unit has a sharp base and the GR indicates two fining upward cycles in the unit. 
 
No palynomorphs or foraminifera were recovered from this unit.  Crowfoot (1879) 
describes a macrofaunal assemblage that appears less abundant and less diverse than 
recorded from Unit 2. The recorded mollusc species come from a range of marine 
environments but intertidal species are less abundant than in the assemblages from 
Units 2 and 3.  
 
Unit 5 (6 to 10.8 m) 
 
Unit 5 is described as ferruginous sand in the Lord Papers overlain by a thin clay.  The 
GR log picks out the clay but the relatively high value for the sands beneath suggests 
they contain a higher percentage of mud and very fine sand than is present in the Unit 4.  
The GR log character accords with Crowfoot’s (1879) description of this unit as a 
“loamy micaceous sand” and Whitaker’s (1906) as sand with thin loamy veins. 
 
No palaeontological or palynological data is available for this unit. 
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Crowfoot (1879) and Whitaker (1906) correlated this unit with the Chillesford Clay. 
 
Interpretation 
 
The sequence at Beccles consists of two fining up sequences (Units 1 to 3, and Units 4 
and 5). The lower sequence consists of higher energy sand at the base (Unit 1) overlain 
by a lower energy more clay rich sequence (Units 2 and 3) containing predominantly 
intertidal molluscs. This sequence is interpreted as tidal channel sands overlain by tidal 
mixed flats (Reineck and Singh, 1975).  The upper sequence consists of two smaller 
scale coarsening upward sequences (Unit 4) within an overall coarsening upward 
sequence.  The molluscs from the sands in this sequence suggest a deeper, more 
offshore environment than in Units 2 and 3 and the sequence is interpreted as shallow 
offshore tidal bars overlain by tidal mixed flats (Reineck and Singh, 1975).    
 
 
Great Yarmouth borehole, UEA 2 (TG 523 079). 
 
This borehole was drilled adjacent to an 1840 well drilled at Lacon’s Brewery 
(Prestwich, 1860; Blake, 1890; Whitaker, 1921). The UEA borehole was drilled to a 
depth of 53 m below the surface and terminated in the London Clay Formation at -47 m 
OD.  The provisional base of the Holocene was penetrated at -24.2 m (Lord Papers). 
The records of the two boreholes differ significantly in the shallow Holocene part 
(above -24 m) and in the basal Pleistocene below  -41.8 m.   Prestwich (1860) inspected 
the samples from the first borehole, identified some of the fragmented shells and 
considered the sands above the London Clay Formation to all be Recent estuarine 
deposits.  Wood (1867b) questioned Prestwich’s interpretation and suggested the 
sediment might be part of the Cromer drift. Arthurton et al. (1994, p. 112) placed the 
base of the Holocene sediments (North Denes Formation) at -9.2 m in the 1840 well, 
but without explanation. The sequence recorded in the UEA borehole is shown in 
Figure A.3.15 along with the GR log. The provisional base of the Recent deposits 
(North Denes Formation) (Lord Papers) at -24.2 m is accepted here. 
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Figure A.3.15. Great Yarmouth borehole. The GR log and lithological description of 
units (data from Lord Papers). The pollen assemblage stages and interpretation from 
Beck (1971). 
 
Description 
 
The base of Crag lies on top of the London Clay Formation at -44.2 m and the top at -
24.2 m and the sequence has been divided into two units.  
 
Unit 1 (-44.2 to -28 m)  
 
This unit contains a thin sand at the base (below the bottom of the GR log) which 
surged into the borehole when penetrated (Lord Papers) and is overlain by a coarsening 
upward sequence of interbedded grey silty sand and silty clay that culminates in a sand 
bed with fine shell debris and black flints at the base.  Above this is a fining up 
sequence of shelly sand. The uppermost record of shell debris has determined the top of 
the unit.  
 
In the basal part of the section (below -44 m) the assemblages are 70-85% arboreal 
pollen and dominated by Pinus.  A single sample at -32.5 m contained 82% arboreal 
pollen with Quercus as the dominant form. Foraminifera were recovered from seven 
levels within the unit (Lord Papers). The foraminifera assemblages are dominated by 
Elphidiella and Rotaliidae (probably A . becarri) are present throughout but form less 
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than 5% of each assemblage.  Anomalininae foraminifera (probably C. lobatulus) vary 
between 4 and 24% of assemblages with the high values corresponding to low GR/high 
sand content intervals, e.g. at -32.5 m.  Prestwich (1860) recorded bivalve molluscs 
from -27 m (Arctica islandica, Tellina, Pecten opercularis) and -43 – 44 m (Tellina, 
Mytilus edulis) in the 1840 borehole. 
 
Unit 2 (-28 to -24.2 m) 
 
This unit consists of fine sand and silty clay that the GR log suggests is interbedded and 
interlaminated.  No fossils were recorded from this interval. 
 
5.3.1.5.2.4.3 Interpretation 
 
The limited palaeontological data indicates the deposit is marine. The coarsening 
upward and fining upward sequence visible on the GR log suggests a sandy offshore bar 
(Cant, 1992). 
 
Stradbroke Borehole, UEA 3 (TM 2326 7382). 
 
The borehole at Stradbroke was drilled to a depth of 96 m below the surface and 
terminated in the Chalk at -41.2 m OD.  The top of the Crag is defined by the base of 
grey sands with gravel that underlie coarse red sands that Lord (1969b) equated with the 
Corton Sands.  The Crag sequence recorded in the borehole is shown in Figure A.3.16  
along with the GR log and has been divided into five units.  Beck et al. (1972) 
summarised the main palaeontological and palynological results from this borehole. 
 
Description 
 
Unit 1 (-39.3 to -24.5 m) 
A thin (< 15cm) bed of flints marks the base of the Crag.  Above this bed is a sequence 
of interbedded silty, shelly sands and clay. Thin beds of coarse shelly sand occur just 
above the base of the Unit. The magnetic polarity of the upper part of this unit is normal 
(van Montfrans, 1971). The Unit contains a relatively diverse assemblage of 
foraminifera (Funnell and Booth, 1982, Lord Papers) including many of the elements of 
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the polymorphinid-textulariid-containing assemblages of Funnell (1989). The pollen 
assemblages are dominated by Pinus  (up to 80%) and arboreal pollen constitutes 80 – 
85% of the assemblages (Beck, 1971). 
 
 
Figure A.3.16 Stradbroke borehole. The GR log and lithological description of units 
(data from Lord Papers). The pollen assemblage stages and interpretation are from Beck 
(1971) and the magnetic polarity from van Montfrans (1971). 
 
Unit 2 (-24.5 to -14 m) 
 
Unit 2 consists of silty clay with thin beds of sand and the GR log indicates that its 
upper and lower boundaries are relatively abrupt.  The magnetic polarity of the 
sediments in this unit is normal (van Montfrans, 1971) 
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The pollen assemblages below -16.3m are similar to Unit 1. Above -16.3 m the arboreal 
pollen proportion declines slightly (70 – 80%), the proportion of Pinus in the arboreal 
pollen is also reduced slightly and a more diverse arboreal pollen assemblage is present 
(Beck, 1971). The foraminifera assemblages are similar to Unit 1 but differ in that they 
contain 2-3 % of planktonic forms, including Neogloboquadrina atlantica (Funnell, 
1987), and much reduced proportions of Pararotalia serrata (Beck et al., 1972; Lord 
Papers). 
 
Unit 3 (-14 to -3 m) 
 
This Unit consists of a coarsening upward sequence of silty, shelly sand and blue grey 
clay with thin beds of very coarse sand. 
 
The pollen assemblage from the lower part of this Unit (below -12 m) is the same as the 
upper part of the underlying Unit 2 and the interval above -12 m is barren. In the Lord 
Papers only one sample with foraminifera was recovered from this interval at -12.8 m 
and is dominated by Cibicididae (66%). Funnell and Booth (1983) record sparse (less 
than 44 per sample) assemblages from this unit and they are dominated by E. hannai 
and C. lobatulus. The mollusc Glycimeris was recovered near the top of the Unit (Lord 
Papers) 
 
Unit 4 (-3 to 14 m) 
 
Unit 4 consists of grey, coarse to medium grain, shelly sand and the GR log indicates 
very subordinate and varying concentrations of finer material that were either not 
recorded or recovered in the borehole samples. 
 
No pollen was recovered from this interval.  Funnell and Booth (1983) record similar 
foraminifera assemblages to those recorded in Unit 3 but includes a single specimen of 
Globigerina bulloides (probably N. atlantica (Jenkins et al., 1988)) at 4.4 m. The 
molluscs Nucella  and Tellina are present in this unit (Lord Papers). 
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Unit 5 (14 to 25 m) 
 
Unit 5 is finer grained than the unit below and consists of a generally fining upward 
sequence composed of smaller scale coarsening and fining upward sequences of silty 
sand and laminated, micaceous clay. 
 
The pollen assemblages below 21.3 m are similar to those at the base of Unit 3 with 70 
– 80% arboreal pollen and dominated by Pinus. From 21.3 to 23.3 m there is a decrease 
in arboreal pollen (70 - 45%), Pinus remains dominant and there is an increase in 
Ericales (~ 30%). No foraminifera are recorded from this interval. 
 
Interpretation. 
 
The basal units (1 and 2) record the transgression across the surface of the Chalk. They 
contain reworked Pliocene foraminifera (Funnell, 1991) and a pollen assemblage 
dominated by resistant, pine pollen. Planktonic foraminifera are associated mainly with 
the silty clay deposits of Unit 2 and may not be reworked although N. atlantica is a 
robust form and the dominant planktonic species in the Coralline Crag.  The coarsening 
upward and then fining upward sequence of Units 3 to 5 together with a subordinate 
shallow saw-tooth GR log character reflects deposition in a shallow marine, possibly 
tidal, shelf sand with coarser intervals related to tidal sand bars (Terwindt, 1975) and 
the finer grained upper units reflect a lower energy, possibly a tidal flat environment 
(Reineck and Singh, 1975).  
 
Hoxne Borehole, UEA 4 (TM 1810 7757). 
 
The borehole at Hoxne was drilled to a depth of 52 m below the surface and penetrated 
the top of the Chalk at -14.6 m OD. The Crag sequence recorded in the borehole is 
shown in Figure A.3.17 along with the GR log and has been divided into four units.  
The top of the Crag is located at the base of a unit of coarse sand and gravel with Chalk 
fragments and defined on the GR log at 13.1 m OD.  The stratigraphic definition of the 
units above the Crag and below the Lowestoft Till is provisional and not the subject of 
this work. 
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Figure A.3.17. Hoxne borehole. The GR log and lithological description of units (data 
from Lord Papers). The pollen assemblage stages and interpretation from Beck (1971). 
 
Description 
 
Unit 1 (-14.6 to -13 m) 
 
Unit 1 consists of very coarse, rounded flint gravel. The flints have green and grey 
coatings. 
 
Unit 2 (-13 to -7.3 m) 
 
Unit 2 consists of grey clay and a bed of coarse shelly sand. The sand bed has a sharp 
base and fines upwards. 
 
Unit 3 (-7.3 to 4.2 m) 
 
Unit 3 consists of sand with coarse shell fragments (including Nucella, Turritella and 
Pecten) and thin clay beds.  The base of the unit coarsens upwards as the proportion of 
clay decreases. 
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The pollen assemblages in Units 1, 2 and 3 contain between 50 and 80% arboreal pollen 
with Pinus as the dominant form (Beck, 1971).     The foraminifera assemblages in 
these three units contain many of the elements of the polymorphinid-textulariid-
containing assemblages of Funnell (1989) and are probably reworked (Funnell, 1991).  
The dominant foraminifera are E. hannai (10 -41%), Cibicididae (12 – 44%) and A. 
beccari (10 – 30%).  The proportion of A. beccari is at its lowest and E. hannai at its 
greatest within the most clay rich interval at – 8.35 m (10% and 25% respectively) 
(Lord Papers). 
 
Unit 4 (4.2 to 10.4 m) 
 
Unit 4 consists of interbedded silty clay and sands with occasional beds of coarse shelly 
sand. A shell bed of Mya was recorded at 8 m. 
 
The pollen assemblages from the lower part of this unit consist of 75 – 80 % arboreal 
pollen and are dominated by Pinus but with a more diverse arboreal pollen assemblage 
than was found in the lower units (Beck, 1971). A single foraminifera assemblage was 
recovered from this interval and is similar to those in the units below but with E. hannai 
(41%) more dominant than A. beccari (11%) (Lord Papers). 
 
Unit 5 (10.4 to 13.1 m) 
 
Unit 5 is composed of yellow sand containing shell debris.  The GR log indicates a 
coarsening upward sequence at the base of the unit. The upper boundary is based on the 
appearance shell debris and the loss of chalk and gravel in the sands. 
 
No pollen were recovered from this unit and a single foraminifera assemblage lacked 
the polymorphinid-textulariid elements of the underlying units and is dominated by E. 
hannai (40%), A. beccarii (29%) and Cibicididae (21%). 
 
Interpretation 
The coated flint gravel at the base of the sequence is a remanié deposit and is overlain 
by a transgressive marine sequence with reworked foraminifera (Funnell, 1991).  The 
coarsening upward sequence (Units 2 and 3) with an increasing proportion of shelly 
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sands indicates a progressively higher energy depositional environment. The occasional 
clay beds indicate periods of lower energy deposition. The sequence is interpreted as 
accumulating as a shallow marine offshore sand sheet with coarser units reflecting tidal 
bars or channel deposits (Reineck and Singh, 1975). Unit 4 contains a higher proportion 
of lower energy, fine grain deposits than the unit below but also contains coarse grained 
deposits. The variations in grain size indicate fluctuating energy levels and suggests a 
tidal environment.  The unit may have accumulated in shallower water (mixed tidal flat) 
or on the margins of a sand sheet seen in the unit below (Reineck and Singh, 1975). The 
shelly sands of Unit 5 indicates a higher energy deposit are possibly later, reworked 
Crag or formed as either a shallow marine offshore sand sheet or possibly a tidal 
channel with a tidal flat (Reineck and Singh, 1975). 
 
The Syleham Borehole, UEA 5 (TM 2095 7833). 
 
Introduction 
 
The borehole at Syleham was drilled to a depth of 71.5 m below the surface and 
penetrated the top of the Chalk at -27.3 m OD. The Crag sequence recorded in the 
borehole is shown in Figure A.3.187 along with the GR log and has been divided into 
three units.  The top of the Crag is located at the base of a unit of coarse sand and gravel 
with Chalk fragments in the upper part and is defined on the GR log at 9.6 m OD. The 
stratigraphic definition of the units above the Crag and below the Lowestoft Till is 
provisional and not the subject of this work. The borehole was situated close to a pilot 
borehole drilled by the East Anglian Water Company that had encountered a peat at 32 
m below the surface (~ 10 m OD) that had yielded a pollen spectra that indicated an 
early Cromer Forest bed Series age (Lord, 1972, Lord Papers).  The peat was not 
encountered in the UEA borehole.  
 
There is no information of foraminifera from this borehole in the Lord Papers other than 
the elevation of the highest sample containing foraminifera. 
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Figure A.3.18. Syleham borehole. The GR log and lithological description of units (data 
from Lord Papers). The pollen assemblage stages and interpretation from Beck (1971). 
 
Description 
 
Unit 1 (-27.3 to -15.8 m) 
The top of the chalk is covered by a thin band of flints and is overlain by a coarsening 
upward sequence of silty clay silts and sands near the top. 
 
Pollen assemblages from this unit contain 50 to 70% arboreal pollen with Pinus 
constituting up to 50%.  
 
Unit 2 (-15.8 to -8.8 m) 
 
Unit 2 consists of grey green shelly sand with shell debris with little if any silty clay 
components. 
No pollen was recovered from this interval. 
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Unit 3 (-8.8 to 9.6 m) 
 
Unit 3 is comprised of interbedded and interlaminated sand, silty sand and silty clay. 
Fine and coarse shell debris occurs below OD with whole shells recovered from thin 
bands.  Thin beds of coarse sand with shells occur in the lower part of the unit. 
 
The pollen assemblage contains 60 to 80% arboreal pollen with ~40% Pinus. An 
articulated Mytilus shell was recovered at -5 m. The uppermost sample with 
foraminifera came from the top of this unit 
 
Interpretation 
 
The flints at the base of the Crag are a remanié deposit and overlain by a coarsening 
upward sequence (Units 1 and 2) that is interpreted as accumulating as a shallow marine 
offshore sand sheet with coarser units reflecting tidal bars or channel deposits (Reineck 
and Singh, 1975).  The articulated mussel shell recovered from the shelly sands of Unit 
3 suggests deposition close to the shore and the interlaminated and interbedded 
character are consistent with deposits on tidal flats (Reineck and Singh, 1975). 
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Appendix 3.4  The Environment Agency Waveney Valley Borehole Programme 
 
Introduction 
 
Entec UK Limited drilled, sampled and logged 12 boreholes for the Environment 
Agency between November 2001 and April 2002 and their data is included in a two 
volume report (Entec UK Limited, 2004).  Ten of the boreholes in the programme are 
included in the study (Figure A.3.19) and the other two were omitted as they lay well to 
the west of the limit of the Crag basin. 
 
 
Figure A.3.19. Locations of the Environment Agency Waveney Valley boreholes in 
East Anglia used in this study. The Crag is absent in the coloured area. Ordnance 
Survey grid squares are 10 km. 
 
At each location at least two boreholes were drilled.  The first and deepest borehole was 
drilled using a rotary drilling rig and then geophysically logged to determine the 
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lithological sequence.  The results of the first borehole were used to determine the depth 
of the second borehole that was then drilled with a percussion drilling rig. Temporary 
casing was installed during drilling to prevent collapse of the borehole. A suite of 
wireline, geophysical logs was recorded from each location (except Wortwell) that 
consisted of a gamma ray log, one or more resistivity logs and a calliper log. The 
complete wireline log records are contained in Appendix 2.1.a.  Samples from the 
rotary-drilled boreholes provided a poor record of the sequences drilled because of the 
disturbance by the drill bit.  The percussion-drilled boreholes provided better samples 
but were generally drilled to a shallower depth than the initial borehole.  Samples were 
collected at 1 m intervals, described and bagged. Brief sample descriptions are provided 
for both sets of boreholes in the Entec report and slightly more detailed descriptions of 
samples from the shallower, second set of boreholes were prepared by students at Royal 
Holloway (Appendix 2.1.b).   
 
The presence or absence of shells in the samples is the only palaeontological data 
available from these boreholes. 
 
Aldeby Borehole (TM 4524 9362) 
 
The borehole was drilled to a total depth of 99 m below the surface and penetrated the 
base of the Crag/top of the London Clay Formation at -29.2 m OD and the top of the 
Chalk at -66 m OD. The description of the lithological sequence and the GR log is 
shown in Figure A.3.20. The top of the Crag is placed at the base of grey brown silty 
clay that may be the Corton Till.  The identification of the stratigraphic sequence above 
the Crag is provisional and based on the BGS map of the area (Sheet 176) and the 
sections in Hopson and Bridge (1987, Figure 6).  The subdivision of the Lower Tertiary 
sequence is based on a GR log correlation with the Ormesby borehole (Figure 5.3.2.1). 
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Figure A.3.20. Aldeby borehole. GR log and lithological description of units (Data from 
Entec, 2004 and Appendix 2.1.b). 
 
The Crag sequence consists of olive grey brown sand with shells and occasional 
pebbles.  The GR log has a consistent shallow saw-tooth character throughout the Crag 
with small coarsening upward sequences.  This log character reflects a predominantly 
sandy sequence with frequent small-scale variations in the finer grained content either 
as laminae or thin beds and is broadly compatible with the Crag sequence described at 
Aldeby Brickyard (TM 431 930), 2 km to the west by Norton and Beck (1972). The 
Aldeby Brickyard sequence consisted of fine to medium grain sands with silty clay 
laminations, thin beds of silty clay with subordinate sand laminations and occasional 
layers of shelly sand and of pebbles.  Norton and Beck (1972) interpreted a shallow 
offshore depositional environment for the sediments, based mainly on the molluscs. The 
small scale coarsening upward sequences in the GR log are also consistent with a shelf 
shoreface environment of deposition (Reinson et al., 1988). 
 
 
 
	  	   573	  
Bedfield Borehole (TM2193 6676) 
 
The borehole was drilled to a depth of 77 m below the surface and encountered the top 
of the Chalk at 17.5 m OD. The description of the lithological sequence and the GR log 
is shown in Figure A.3.21. The top of the Crag is placed at the base of a gravel unit that 
posed significant difficulties when drilling the borehole. 
 
 
Figure A.3.21. Bedfield borehole. GR log and lithological description of units (Data 
from Entec, 2004 and Appendix 2.1.b). 
 
 
The Crag consists of olive grey fine and medium sand. The GR log has a consistent 
shallow saw-tooth character throughout the Crag.  This log character reflects a 
predominantly sandy sequence with frequent small-scale variations in the finer grained 
content either as laminae or thin beds.  No shells were recorded in the samples. These 
sediments are interpreted as having accumulated in a shallow, offshore marine 
environment by analogy with the GR logs of other Crag sequences, e.g. Ormesby, 
Aldeby. 
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Bungay borehole (TM 3111 9099) 
 
The borehole was drilled to a depth of 71 m below the surface and encountered the top 
of the Chalk at -11.5 m OD. The description of the lithological sequence and the GR log 
is shown in Figure A.3.22. The top of the Crag is placed at the base of a sand and gravel 
sequence. The stratigraphic classification of the section down to 10 m OD is based on 
that recorded in the borehole 39SW41, that was drilled 40 m to the north of the Bungay 
borehole by the BGS (Auton et al., 1985). 
 
  
Figure A.3.22. Bungay borehole. GR log and lithological description of units (Data 
from Entec, 2004 and Appendix 2.1.b). 
 
The samples from the Crag interval are very poor as they were only recovered from the 
rotary borehole.  The lithological description in Figure A.3.22 is based predominantly 
on an interpretation of the log character and comparison with boreholes described by 
West (1988) at Outney Common, 2.5 km to the east-southeast.  The Outney Common 
boreholes contained interbedded shelly sands and silty clay at levels between +3 and -
10 m OD lying beneath gravels of the Post-Anglian Broome Terrace (West, 1988). West 
(1988) obtained pollen assemblages from the Outney Common sediments and equated 
them with the Norwich Crag and possibly with his Bramertonian stage.    
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The GR log in the Bungay borehole indicates a coarsening upward sequence of 
interbedded sands and silty clay overlain by a finer grained interval, probably of silty 
clay with fine sands. By analogy with other boreholes (e.g. Ormesby, Stradbroke), the 
sequence is interpreted as having been deposited as shallow, offshore marine sand sheet 
overlain by finer grained tidal flat sediments.   
 
Ilketshall borehole (TM 3598 8753) 
  
The borehole was drilled to a depth of 70.25 m below the surface and encountered the 
top of the Chalk at -27.3 m OD. The description of the lithological sequence and the GR 
log is shown in Figure A.3.23. The top of the Crag is placed at the base of a sand and 
gravel sequence. The borehole is located on the mapped outcrop of the Lowestoft Till 
Formation (BGS Sheet 176) and the sand and gravel sequence above the Crag has been 
assigned to the diverse suites of sands and gravel below the Lowestoft Till and above 
the shelly Crag informally named the Beccles Beds (Auton et al., 1985). 
 
 
Figure A.3.23. Ilketshall borehole. GR log and lithological description of units (Data 
from Entec, 2004 and Appendix 2.1.b). 
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The Crag sequence consists of a coarsening upward sequence of medium and coarse 
sands and silty clay overlain by a fining upward sequence interrupted by with several 
distinct sand beds.  Shells are present throughout the unit. By analogy with other 
boreholes (e.g. Ormesby, Stradbroke), the sequence is interpreted as having been 
deposited as shallow, offshore marine sand sheet overlain by finer grained tidal flat 
sediments. The distinct sand beds in the fining upward sequence probably represent 
tidal bar or channel sands and the higher GR intervals probably represent tidal flat 
deposits. 
 
Needham borehole (TM 23542 82232) 
 
The borehole was drilled to a depth of 76.8 m below the surface and encountered the top 
of the Chalk at -23.3 m OD. The description of the lithological sequence and the GR log 
is shown in Figure A.3.24. The top of the Crag is placed at the base of a sand and gravel 
sequence that is consistent with the depth of the top of the Crag shown in Auton et al. 
(1985, Figure A of Sheet 1). The borehole is located close to the River Waveney and the 
stratigraphic assignment of the post Crag sediments is provisional. 
 
 
Figure A.3.24. Needham borehole. GR log and lithological description of units (Data 
from Entec, 2004 and Appendix 2.1.b). 
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The Crag sequence consists of a coarsening upward sequence of interbedded sands and 
silty clay and is overlain by a sequence of fine sands and silty clay that the log character 
suggests are probably interbedded and interlaminated. Shells are recorded from the base 
of the finer unit to the base of the Crag. By analogy with other boreholes (e.g. Ormesby, 
Stradbroke), the sequence is interpreted as having been deposited as shallow, offshore 
marine sand sheet overlain by finer grained tidal flat sediments. The distinct sand beds 
in the sequence probably represent tidal bar or channel sands and the higher GR 
intervals probably represent tidal flat deposits. 
 
Rumburgh borehole (TM 34716 81165) 
 
The borehole was drilled to a depth of 82 m below the surface and encountered the top 
of the Chalk at -23.3 m OD. The description of the lithological sequence and the GR log 
is shown in Figure A.3.25.  Moorlock et al. (2000, p.40) suggest that the Crag thickness 
in the area to the south of the Rumburgh borehole reaches 43.9 m in borehole TM 
37NW/7 and 22.8 m in TM 37SW/14.  However, their interpretation is based on very 
poor quality data as the records for these boreholes contain extremely brief and simple 
sediment descriptions. Moreover, unlike the Rumburgh borehole, no gravel is recorded 
in TM 37NW/7 and only 2.5 m in TM 37SW/14.  Westleton beds occur to ~ 8 km to the 
east around Halesworth.   The nearest Crag outcrop to the borehole is mapped in the 
River Blyth valley, ~3 km to the southeast near Wissett Hall (TM 380 787) at elevations 
of 10 – 15 m (BGS Sheet 176). The top of the Crag is placed at the base of a sand and 
gravel sequence that may equate with the Westleton Beds.   
 
The base of the Crag sequence comprises an uncharacteristically thick sand and flint 
gravel (5.5 m).  The GR log indicates fluctuations in the proportions of finer grained 
material and the elevated readings on the resistivity log (Appendix 2.1.a) for the same 
interval indicate the presence of significant gravel. Above the gravel is a sequence of 
greenish grey sand for which the GR log has a shallow saw-tooth character and suggests 
cycles of coarsening upward intervals (5 - 8 m thick) separated by thinner fining upward 
sequences (1 – 2 m thick).  This log character reflects a predominantly sandy sequence 
with frequent small-scale variations in the finer grained content either as laminae or thin 
beds and is comparable to the sequence in the Aldeby borehole. 
	  	   578	  
 
Figure A.3.25. Rumburgh borehole. GR log and lithological description of units (Data 
from Entec, 2004 and Appendix 2.1.b). 
 
 
The uppermost part of the Crag sequence (9 – 12 m OD) consists of silty clay and fine 
sand that the GR character suggests are probably interbedded and interlaminated (cf. 
Ormesby borehole). 
 
The basal sand and gravel with fluctuating amounts of finer material may represent a 
shallow offshore or tidal gravel bar (Dashtgard et al., 2006). The thinly interbedded 
sand and silty clay is interpreted as a shallow marine offshore, possibly tidal sand sheet 
deposit (Terwindt, 1975) and the finer grained interval at the top is interpreted as tidal 
flat deposits (Reineck and Singh, 1975).  
 
Shelton Common Borehole (TM 24176 90345) 
 
The borehole was drilled to a depth of 69.7 m below the surface and encountered the top 
of the Chalk at 15.1 m OD. The description of the lithological sequence and the GR log 
is shown in Figure A.3.26. The borehole is located close to the margins of area where 
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the Crag is preserved and as there are no detailed sample descriptions below 31 m OD 
(Appendix 2.1.b) there is some doubt whether or not Crag is present. However, the base 
of the Crag has been placed at the contact of the sand and gravels with the sand and 
grey clay beneath. 
 
 
 
Figure A.3.26. Shelton Common borehole. GR log and lithological description of units 
(Data from Entec, 2004 and Appendix 2.1.b). 
 
The basal unit of the Crag sequence consists of a coarsening upwards sequence and a 
fining upward sequence of interbedded sands and clay. The GR log indicates a sand bed 
in the middle of the unit.   However, the elevated values recorded in the resistivity logs 
(Appendix 2.1.a) over the low GR interval suggests that the interval contains either a 
sand with a very low clay content or gravel. Shells are also recorded from the upper part 
of the unit.  The GR log indicates that upper unit consists of interbedded sands and grey 
clay in a fining upward sequence.   
 
The position of the borehole near the margin of the Crag basin, the roughly equal 
proportion of interbedded finer and coarser material suggests that the deposit may have 
accumulated in a tidal flat environment with the sand beds deposited as tidal channel 
sands (Reineck and Singh, 1975). 
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Stradbroke borehole (TM 2319 75089) 
 
The borehole was drilled to a depth of 109 m below the surface and encountered the top 
of the Chalk at -37 m OD. The description of the lithological sequence and the GR log 
is shown in Figure A.3.27. The borehole is located 1.3 km to the north of the UEA 
Stradbroke borehole (Beck et al., 1972; Section 5.3.2.3.3).  The sample descriptions and 
the log characters are not compatible in the interval around the top of the Crag.  The top 
of the Crag has been fixed at the log break at 19.8 m OD on top of a silty sand unit.  The 
Crag sequence has been divided into five units.  The lowest three units lack any reliable 
samples and their lithological descriptions (in italics) are interpreted and based on the 
log character and the correlation with the UEA Stradbroke borehole.  
 
 
Figure A.3.27. Stradbroke borehole. GR log and lithological description of units (Data 
from Entec, 2004 and Appendix 2.1.b). The descriptions in italics are interpreted and 
based on correlation with the nearby UEA Stradbroke borehole. 
 
The basal unit consists of thinly interbedded silty clay and fine sand and was deposited 
during the initial marine transgression.  The coarsening upward and then fining upward 
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sequence of Units 2 to 5 together with a subordinate shallow saw-tooth GR log 
character reflects deposition in a shallow marine, possibly tidal, shelf sand with coarser 
intervals related to tidal sand bars (Terwindt, 1975) and the finer grained upper units 
reflect a lower energy, possibly a tidal flat environment (Reineck and Singh, 1975).  
 
Wortwell borehole (TM 28135 85760) 
 
The borehole was drilled to a depth of 37 m below the surface and encountered the top 
of the Chalk at -5.35 m OD.  The borehole was situated close to the River Waveney.  
No geophysical logs were obtained in this borehole. The top of the Crag was reached at 
2.85 m OD below coarse gravel and the Crag is 8.2 m thick.  The elevation of the top of 
the Crag is consistent with that shown in the area by Auton et al. (1985; Figure A of 
Sheet 1). The total thickness of the Crag is 8.2 m and there is a 0.5 m thick bed of flint 
gravel at the base. The remainder of the lithology is described as olive grey or dark 
greenish grey fine sandy silt and silty clay containing shells.  The generally fine grained 
nature of the sediments suggest they accumulated in a low energy environment and the 
presence of shells indicates it was probably marine. 
 
Worlingham borehole (TM 45373 88527) 
 
The borehole was drilled to a total depth of 99 m below the surface and penetrated the 
base of the Crag/top of the London Clay Formation at -29.3 m OD and the top of the 
Chalk at -67.9 m OD. The description of the lithological sequence and the GR log is 
shown in Figure A.3.28. The identification of the stratigraphic sequence above the Crag 
is provisional and the subdivision of the Lower Tertiary sequence is based on GR log 
correlation with the Ormesby borehole. 
 
No reliable samples were available below -7 m OD and no shelly material has been 
recorded in this borehole.  The GR log has a consistent shallow saw-tooth character 
throughout the Crag.  This log character reflects a predominantly sandy sequence with 
frequent small-scale variations in the finer grained content either as laminae or thin beds 
and is very similar to the Crag sequence described in the Aldeby borehole. Close 
inspection of the GR log and resistivity logs reveals that there are three units of 
coarsening and then fining upward sequences (Figure A.3.29).  The more sandy 
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intervals have a relatively high resistance and low GR count and the finer grained 
intervals have a lower resistance and higher gamma ray count. 
 
 
Figure A.3.28. Worlingham borehole. GR log and lithological description of units (Data 
from Entec, 2004 and Appendix 2.1.b).The descriptions in italics are interpreted and 
based on correlation with the nearby Aldeby borehole. 
 
The finely interbedded predominantly sandy facies in this borehole is similar to that of 
the modern inshore estuarine and tidal inlet sequences described by Terwindt (1971, 
1975) and mixed tidal flats (Reineck and Singh, 1975). 
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Figure A.3.29. Worlingham borehole. The GR, resistivity and caliper logs through the 
Crag interval showing thee units of coarsening and then fining upward sequences in the 
thinly interbedded /interlaminated sands. (Data from Entec, 2004). 
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Appendix 3.5 Aldeburgh – Sizewell area boreholes 
 
Introduction 
 
West and Norton (1974) were the first to report data from deep site investigation 
boreholes drilled for the Sizewell nuclear power station (Figure A.3.30). Funnell (1983) 
provided analyses of foraminifera assemblages from two further site investigation 
borehole at Sizewell.  Subsequently, four deep boreholes (AS-A to D) were drilled in 
the area to the south of Sizewell by the BGS to conduct a multidisciplinary study on 
short range correlation within a thick Crag sequence (Zalasiewicz et al., 1988). 
Markham (2005) provided a brief description of the lithology and fossils penetrated and 
exposed during the construction of the Sizewell B plant. 
 
 
Figure A.3.30 Location map for boreholes in the Aldeburgh-Sizewell area. The Crag is 
absent in the coloured area. Ordnance Survey grid squares are 10 km. 
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Sizewell Power Station boreholes 
 
West and Norton (1974) studied the shallow sections of the Crag in trenches and the 
deeper section using samples from a number of boreholes.  The boreholes penetrated the 
junction of the Crag with the London Clay between -45.m and -49.7 m.  The Crag 
thickness reached 61 m.  They included a subdivision of the lithological sequence into 
three units (b (i), (ii), (iii)) made by the soil investigation contractors for the power 
station construction (Table A – 3.1; Figure A – 3.31):  
 
b (i) brown fine to medium sand with thin 
layers of brown silty clay and 
shell fragments below +5 m OD 
 
 
 
6 – 17 m thick (average 12 m) 
b (ii) dark brown medium sand with shell 
fragments and occasional layers 
of brown silty clay 
7 – 21 cm thick, upper surface slopes to 
south 
b (iii) grey medium and coarse very 
dense sand with shell fragments, 
occasional layers of grey silty 
clay and siltstone inclusions. Thin 
stone bed at base 
 
29 – 36 m thick, upper surface forms a 
distinct ridge under “B” power station at -
10.4 m OD and drops to -20.7 m OD. 
 
Table A – 3.1. Sizewell. The lithological subdivision of the sequences seen in the site 
investigation boreholes (from West and Norton, 1974). The boreholes are illustrated in 
Figure A.3.31. 
 
Pollen samples from subunit b (i) contained 80 - 90% arboreal pollen and West and 
Norton (1974) considered they were comparable to that from the section at Chillesford 
pollen. The molluscs from this unit are dominated by intertidal forms (Hydrobia ulvae 
(32 – 88%), Cerastoderma edule ( 3 – 28%), Littorina littorea (0 – 10%)). 
 
Pollen from subunit b (ii) contained between 25 and 70% arboreal pollen and the 
dinoflagellate Tectadodinium pellitum constituted 10 -20% of the assemblages. West 
and Norton (1974) considered that some assemblages were similar to the Baventian and 
others were more similar to the Pre-Pastonian a.  
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The pollen assemblages from silty clays at between -36 and -37 m OD in subunit b (iii) 
have 75 – 80 % arboreal pollen and are dominated by Pinus (60 – 80%). West and 
Norton (1974) correlated these assemblages with the Pre- Ludhamian of the Stradbroke 
borehole (Beck et al., 1972).  Funnell (1983) described foraminifera from two different, 
but close by, boreholes to those studied by West and Norton (1974). Funnell’s 
stratigraphic subdivision of the sequence and the characteristic elements of the 
assemblages are given in Table A – 3.2. 
 
 
Down to -1.1 m OD - Bramertonian 
E. hannai dominant, with E. 
pseudolessoni, A. beccari usually present 
 
?-2.8 to ? -17.6 m OD - Baventian 
E. hannai dominant with cold water 
forms: E. orbiculare, E. frigidum, E. 
excavatum. No A. beccari. 
-19.1 to -20.1 m OD. - ? Antian E. hannai dominant, C. lobatulus 
common 
-23.9 to -31.1 m OD -  ? cold early 
Antian 
E. hannai dominant, E. excavatum 
common, E. frigidum, E. pseudolessoni 
and C. lobatulus common in parts 
-35 m OD – Arctic ?Thurnian E. hannai (89%), C. lobatulus (6%) 
 
Below -35.1 – Pre –Ludhamian  
E. hannai dominant plus numerous 
Pliocene-relict species. E. frigidum 
absent. 
 
Table A – 3.2. Sizewell. Funnell’s (1984) stratigraphic subdivisions of the Crag 
sequence and their characteristic foraminifera assemblages.  
 
The change in the character of the assemblages below -35.1 m OD corresponded with 
the interval of pine dominated pollen assemblages recognised by West and Norton 
(1974) in other Sizewell boreholes nearby that they had also correlated with the Pre-
Ludhamian.  Subsequently, the intervals assigned to the ?Antian and ?Thurnian in 
Funnell (1984) were assigned by Funnell to the Ludhamian (Personal communication 
quoted in Zalasiewicz et al., 1988, p. 265). 
 
Markham’s (2005) lithological descriptions and divisions are broadly consistent with 
the tripartite division used by West and Norton (1974).   Markham concluded, on the 
basis of the macrofauna fauna, that unit b (i) was equivalent to the Norwich Crag, unit b 
(ii) appeared similar to the Scrobicularia Crag at Chillesford and unit b (iii) resembled 
the Red Crag in the Butley - Bawdsey area.  Markham also recorded a stone bed 
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composed of flint and quartz locally at the base of his Norwich Crag that was associated 
with terrestrial and marine vertebrate remains. 
 
The BGS Aldeburgh –Sizewell Project. 
 
This project was undertaken during the 1980’s as part of a wider BGS drilling 
programme and four deep boreholes (AS –A, B, C and D on Figure A.3.30) were drilled 
but only two reached the base of the Crag/top of the London Clay Formation at ~ -47 m 
OD (Figure A.3.32).   The boreholes were continuously cored but no wireline 
geophysical logs were acquired. The lithologies, foraminifera, pollen, dinoflagellates 
and mollusca were all studied.  Magnetic polarities of the sediment were measured and 
the amino acid racemisation of a variety of calcareous fossils was determined. 
 
Three lithostratigraphic units were identified (Figure A.3.32) that were each associated 
with their own relatively distinct faunal and floral assemblages.  The descriptions given 
below are derived from Zalasiewicz et al. (1988).  
 
The lowermost unit, the Sizewell Member, consists of coarse shelly sands with an 
interval, generally near the top, containing thinly laminated muds and fine sand. This 
unit yielded the most palaeontological and palynological data in the study. The 
foraminifera assemblages were characterised by high frequencies of small foraminifera 
with a very fresh appearance and were recovered predominantly from the laminated 
mud and fine sand intervals.  The basal sample in Borehole B contained numerous 
specimens reworked from the Red and/ or Coralline Crag.  For comparison with 
foraminifera assemblages described in other Crag deposits, e.g. by Funnell, it is 
necessary to limit the assemblage description to specimens greater than 250 µm in size. 
In this size range, the assemblages were dominated by Elphidiella hannai and Cibicides 
lobatulus and contained elements of polymorphinid-textulariid assemblages (Funnell, 
1989) but they lacked Pararotalia serrata.  Planktonic foraminifera were also recorded 
sporadically (up to 3 %).  The pollen assemblages were poorly preserved with many 
grains being physically damaged, broken or degraded.  The samples contained 70 – 80% 
arboreal pollen and were composed predominantly of Pinus (60 – 70%) and Picea (5 – 
15%). Pre-Neogene forms were present throughout and constituted between 5% and 
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25% of the total palynomorphs.  Dinoflagelate assemblages are dominated by 
Tectatodinium pellitum with Spiniferites spp. and Protoperidinium spp.  The mollusc 
assemblages were interpreted as “Icenian” (~ Norwich Crag) with reworked older 
typical Red Crag forms.  The finer grained interval has a clear normal magnetic polarity 
in three boreholes. 
 
The Thorpeness Member contains fine to coarse-grained shelly sands with a few 
laminae and thin beds of silty clay.  Granulometric analysis of the sediments revealed 
two coarsening upward cycles.  This unit yielded far less palaeontological information 
with no recovery of pollen or dinoflagellates.  Small foraminifera are scarce in this unit 
and limonitic preservation of the microfossils is common. The foraminifera 
assemblages, greater than 250 µm in size are not too dissimilar from those of the unit 
below and are also dominated by E. hannai and C. lobatulus. However, the assemblages 
contain lower numbers of individuals and are less diverse than those recovered from the 
underlying unit. The mollusc assemblages consist of long ranging forms with far less 
derived material than in the lower unit and were also ascribed to the Icenian. 
 
The uppermost unit, Chillesford Sand Member, contains moderately to well sorted, fine 
to medium grained sands with isolated shelly lenses.  Silty clay laminae and intraclasts 
are common. The foraminifera assemblages from Foram unit 2C were very sparse and 
dominated by E. hannai. A single pollen sample from borehole D contained 60% 
arboreal pollen and 40% herbs.  The arboreal component of the pollen assemblage was 
more diverse than that in the Sizewell Member but still dominated by Pinus (33%) and 
Picea (15%). Two samples with dinoflagellate assemblages dominated by 
Operculodinium israelianum were recovered at ~1.25 m OD. 
 
Synthesis 
 
The bulk of the palaeontological data and palaeomagnetic data from the BGS boreholes 
is derived from the silty clay interval near the base of the boreholes (Figure A.3.32). 
The mollusc, foraminifera and pollen assemblages contain appreciable proportions of 
reworked material in the lower part of the sequence (Coralline and Red Crag molluscs, 
Pliocene foraminifera, pre-Neogene pollen) and the palaeoenvironmental signals from 
the fossils are not consistent and do not provide evidence for a cold climatic phase. Both 
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the foraminifera and mollusc assemblages have more affinity with the Norwich Crag 
than the Red Crag.  The correlation of the silty clay interval in the BGS boreholes with 
a silty clay interval near the base of the Crag in the Stradbroke borehole (Beck et al., 
1972) is based largely on the normal magnetic polarity and the similarities in the pollen 
assemblages. These silty clay intervals probably correlate with that recorded with a 
similar pollen assemblage at -36 to – 37 m in the Sizewell boreholes by West and 
Norton (1974).  The correlations of the sediments in the Aldeburgh- Sizewell area with 
the Red Crag is based on a chain of correlations that links these boreholes to the 
Stradbroke borehole (Beck et al., 1972) that had been correlated with the Red Crag in 
outcrop in Suffolk by Funnell and West (1977) on weak foraminiferal evidence 
(Chapter 3). 
 
The interpretation of the depositional environment of the Sizewell and Thorpeness 
Members by Zalasiewicz et al. (1988) is influenced by their biostratigraphic correlation 
of the Sizewell Member with the Red Crag in outcrop and the interpretation of large 
scale, coarsening upward sequences in the Thorpeness Member as large-scale, 
composite bedforms.  The Sizewell Member is composed of shelly sands and laminated 
clays and fine sands and is typical of a tidal flats and tidal channel deposits but, in spite 
of recognizing this, Zalsiewicz et al. (1988, p. 233) chose to interpret the deposits as 
subtidal as they lie at elevations of 20 - 40 m below the Red Crag outcrop immediately 
to the south.  Close inspection of the granulometric data from the Thorpeness Member 
of Zalsiewicz et al. (1988, Figure 5) suggests that their description of two coarsening 
upward cycles are not “distinctive” (Zalasiewicz et al., 1988, p. 265) and may be an 
over interpretation. The coarsening upward pattern is based on visually-imposed trends 
on the grain size frequency distributions that are often not supported by the trend in the 
mean grain size and the trends occur over a very small grain size range of 0.5 – 1 Ø.  
The actual vertical pattern of grain size distribution is more variable and probably 
reflects that resulting from deposition as shallow, tidal offshore or estuarine sediments 
rather than the large scale sand waves or tidal sand ridges suggested by Zalasiewicz et 
al. (1988, p. 233).  The variation in relief of the boundary between units b (iii) and b (ii) 
in the Sizewell area recorded in West and Norton (1974) may well reflect the effects of 
tidal channel erosion. 
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The sediments in the area around Aldeburgh and Sizewell contain a significant amount 
of reworked older fossil material but their fossil content has greater similarities with 
Norwich Crag assemblages than with those of the Red Crag.  There is little evidence for 
significant variation in climate and different fossil groups can provide conflicting 
climatic indications. The sediments were probably deposited in shallow, nearshore tidal  
to tidal flat environments.   
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Appendix 4 
 
 
 
Borehole data 
 
 
Table A- 4.1. Data used in the construction of Base Crag and Top Chalk structure 
maps in Figures 4.9, 4.10, 4.11 and 4.12.  Depths are given to the nearest metre. 
The BGS borehole reference number is used where one exists and where one 
doesn’t the name of the borehole is given.  In the table > = depth greater than;   
< = depth less than, and NR= not reached. 
 
 
 
Table A – 4.2. Borehole data used in Figure 6.9 to the east of Bramerton. BGS 
borehole reference numbers are used except for Aldeby which is part of the 
Environmental Agency data set (Appendix 3.4). Boreholes highlighted in yellow 
were drilled by the BGS and also reported in Nickless (1971), Hopson and 
Bridge (1987), Arthurton et al. (1994), Moorlock et al. (2000) and Rose et al. 
(2002). For details of the correlation section to the west of Bramerton see 
Section 5.2.4.1. All depths in metres to the nearest metre; NR= not reached. 
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Table A – 4.1 
 
Data used in the construction of Base Crag and Top Chalk structure maps in Figures 
4.9, 4.10, 4.11 and 4.12.  Depths are given to the nearest metre. The BGS borehole 
reference number is used where one exists and where one doesn’t the name of the 
borehole is given.  In the table > = depth greater than; < = depth less than, and NR= not 
reached. 	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 BGS BH Ref. 
Grid 
Ref. 
Base 
Crag 
Top 
Chalk 
   m m 
 TG    
 20NE81 294056 6 NR 
 30NE10 397052 -12 -61 
 30NE11 378064 -45 NR 
 30NE2 357085 -34 -34 
 30NE3 363082 -34 -34 
 30NE4 365084 -34 NR 
 30NE5 371090 -43 -43 
 30NE9 358075 -32 -32 
 30SE158 386035 -9 NR 
 30SE161 386035 -7 NR 
 30SE2 383035 -9 NR 
 30SE5 386034 -7 -54 
 30SE6 379035 -25 -44 
 30SW1 313039 8 8 
 30SW11 330022 -17 -17 
 30SW2 302043 -5 -5 
 30SW3 309042 -9 -9 
 30SW38 308047 -12 -12 
 30SW4 313040 -16 -16 
 30SW40 310022 -10 -10 
 30SW5 315044 -31 -31 
 30SW6 325049 -17 -17 
 30SW8 320024 -11 -11 
 31NE1 385200 -10? NR 
 31NE17 372172 ? < -50 
 31NE19 384172 -31 -56 
 31NE20 388188 -35 -65 
 31NE25 385199 -28 -67 
 31NE26 385199 -50 NR 
 31NE29 389182 -29 -65 
 31NE36 387200 -28 -67 
 31NE46 393197 -23 NR 
 31NW15 306174 -5 -5 
 31NW16 337177 -24 -24 
 31NW17 301169 -7 -7 
 31NW19 314184 -8 -8 
 31NW20 347193 -26 -26 
 31NW22 346189 -29 -29 
 31NW25 337161 -26 -26 
 31NW28 332152  NR 
 31NW30 338160 -28 -28 
 31NW31 344154 -31 -31 
 31NW32 344154 -31 -31 
 31NW33 304175 -7 -7 
 31NW34 331152 ? < -39 
 31NW36 340176 -25 -25 
 31NW40 328151 -21 -21 
 31NW76 307194 -2 -2 
 31NW88 334151 -27 -27 
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 BGS BH Ref. 
Grid 
Ref. 
Base 
Crag 
Top 
Chalk 
   m m 
 TG    
 31NW89 332152 > -25 NR 
 31NW9 328151 -24 -24 
 31NW90 344165 -29 -29 
 31SE23 372140 -42? -53 
 31SE90 351148 -34 -34 
 31SW10 313110 -9 -9 
 31SW11 312123 1 1 
 31SW14 335115 -21 -21 
 31SW15 326115 -15 -15 
 31SW16 337115 -21 -21 
 31SW17 328117 -16 -16 
 31SW18 326121 -12 -12 
 31SW19 339124 -18 -18 
 31SW2 326132 -21 -21 
 31SW20 326134 -17 -17 
 31SW21 303118 -3 -3 
 31SW3 339135 -26 -26 
 31SW5 318110 -10 -10 
 31SW53 329149 -24 -24 
 31SW58 326150 ? < -30 
 31SW6 312112 -8 -8 
 31SW61 310109 -5 -5 
 31SW63 312147 -8 -8 
 31SW65 315142 ? < -21 
 31SW66 329109 -16 -16 
 31SW7 312112 -8 -8 
 31SW8 324124 -17 -17 
 32NE1 353268 -18 -26 
 32NE14 373264 -39 -39 
 32NE15 377256 -37 -45 
 32NE16 390252 -35 -54 
 32NE18 397299 -39 -39 
 32NE2 351252 -41 -41 
 32NE4 369268 -32 -32 
 32NE5 365281 -26 -26 
 32NE6 373298 -19 -19 
 32NE8 397283 -35 -46 
 32NE41 374300 -33 -33 
 32NW1 317252 -18 -18 
 32NW2 338253 -4 -4 
 32NW23 340279 -8 -8 
 32NW26 303262 -22 -22 
 32NW27 310255 -2 -2 
 32NW29 311255 -2 -2 
 32NW3 310296 -9 -9 
 32NW31 305250 -15 -2 
 32NW32 311250 -15 -2 
 32NW33 329266 -12 -7 
 32NW4 318298 -11 -11 
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 BGS BH Ref. 
Grid 
Ref. 
Base 
Crag 
Top 
Chalk 
   m m 
 TG    
 32NW5 321287 -21 -21 
 32NW7 324279 -40 -40 
 32NW8 327277 -7 -7 
 32NW9 323272 -11 -11 
 32SE10 379249 -30 -46 
 32SE11 362205 -55 -55 
 32SE7 363239 -30 -33 
 32SE8 388243 -52 -43 
 32SE9 393214 -53 -69 
 32SW1 332240 -68 -68 
 32SW11 310219 -13 -13 
 32SW13 310206 -9 -9 
 32SW14 305206 -2 -2 
 32SW17 348214 -23 -23 
 32SW18 339202 -25 -25 
 32SW19 342211 -21 -21 
 32SW21 344200 -25 -25 
 32SW3 304202 -2 -2 
 32SW33 314222 -8 -8 
 32SW34 315225 -7 -7 
 32SW39 332240 -12 -12 
 32SW4 317211 ? -5 
 32SW5 308239 -7 -7 
 32SW6 348249 -14 -14 
 32SW7 332245 -5 -5 
 32SW8 326234 -22 -22 
 33SE1 366317 -11 -11 
 33SE2 356321 -14 -14 
 33SE3 352305 -13 -13 
 33SE5 368313 -14 -14 
 33SE11 363325 -12 -12 
 33SE14 381311 -25 -25 
 33SE15 380311 -25 -25 
 33SE19 392302 -37 -37 
 33SE20 350334 -19 -19 
 33SE23 351336 -24 -24 
 33SE30 366323 -20 -20 
 33SW5 319301 -12 -12 
 33SW8 302334 -8 -8 
 33SW9 309322 -25 -25 
 33SW11 315326 -10 -10 
 33SW12 319326 -3 -3 
 33SW13 312319 -6 -6 
 33SW14 319312 -16 -16 
 33SW23 338344 -14 -14 
 33SW24 334336 -9 -9 
 33SW25 336335 -7 -7 
 33SW27 349335 -16 -16 
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BGS BH Ref. Grid 
Ref. 
Base 
Crag 
Top 
Chalk 
   m m 
 TG    
 33SW28 340337 -40 -40 
 33SW29 342341 -15 -15 
 33SW30 343338 -28 -28 
 33SW31 345339 -10 -10 
 33SW32 321328 -19 -19 
 33SW33 323329 -5 -5 
 33SW34 326329 -12 -12 
 33SW35 320303 -14 -14 
 33SW36 339328 -67 -67 
 33SW37 334328 -9 -9 
 33SW38 347329 -6 -6 
 33SW40 348318 -12 -12 
 33SW44 350335 -13 -13 
 40NE84 478089 > -36 NR 
 40NE86 479089 > -36 NR 
 40NW38 427094 -26 NR 
 40NW40 432093 -20 NR 
 40NW45 436091 -24 NR 
 40NW5 409097 -21 NR 
 40NW52 439089 -29 NR 
 40NW7 441089 ? NR 
 40NW75 403066 -14 NR 
 40SE21 499010 -42 NR 
 41NE3 474194 -47 -107 
 41SE1 466133 -38 -99 
 41SE4 459113 > -13 NR 
 41SW102 405103 > -30 NR 
 41SW107 407102 -19 NR 
 41SW108 409102 -24 NR 
 41SW109 411101 -26 NR 
 41SW143 401104 -43 -64 
 41SW42 402104 -39 -64 
 41SW45 401104 -45 -66 
 42NW3 419326 -48 -75 
 42NW5 431270 -39 -68 
 42SE1 461212 -51 -101 
 50NW1022 522079 -44 NR 
 50NW105 523079 ? -156 
 50NW163 524059 > -34 NR 
 50NW455 530052 > -44 NR 
 50NW459 515067 NR NR 
 50NW460 515067 NR NR 
 50NW535 545098 -49 NR 
 50NW536 541098 -48 NR 
 50NW537 537099 -48 NR 
 50NW542 532100 -48 NR 
 50NW543 533099 -48 NR 
 50NW544 534099 -47 NR 
 51SW2 518130 -68 NR 
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 BGS BH Ref. 
Grid 
Ref. 
Base 
Crag 
Top 
Chalk 
   m m 
 TG    
 51SW7 515143 -65 -135 
 Catfield 1 393218 -51 NR 
 Catfield 2 398222 -55 NR 
 Sharp St P2 382201 >-57 NR 
 79/7A (offshore) -42 -87 
 Happisburgh 384311 -27 -27 
     
 TM    
 36SE2 379631 -20 -20 
 38NE10 357896 -33 -33 
 38NE12 352854 -15 -15 
 38NE13 363873 -16 -16 
 38NE14 355889 -31 -31 
 38NE15 359865 -16 -49 
 38NE16 370879 -15 -15 
 38NE17 377876 -17 -17 
 38NE18 389893 -22 -22 
 38NE19 385899 -24 -24 
 38NE20 371851 -12 -12 
 38NE9 367897 -39 -39 
 38NW10 337888 -18 -18 
 38NW14 344855 -27 -27 
 38NW15 333872 -17 -17 
 38NW16 344867 -15 -15 
 38NW68 312853 -12 -12 
 38NW69 302869 -2 -2 
 38NW70 303868 -9 -9 
 38NW9 339883 -22 -22 
 39NE1 362983 -23 -44 
 39NE11 352991 > -14 NR 
 39NE13 352990 > -18 NR 
 39NE3 374960 -19 -55 
 39NE4 397966 -29 -36 
 39NE5 393968 -29 -31 
 39NE7 367969 missing -49 
 39NW1 319975 -16 -16 
 39NW10 300962 -9 -9 
 39NW2 323997 -13 -13 
 39NW5 322953 -20 -20 
 39NW6 319974 -17 -17 
 39NW9 344967 -30 -39 
 39SE125 395918 ? -18 
 39SE13 389920 -15 -15 
 39SE14 388940 -22 -22 
 39SE16 398925 -25 -25 
 39SE17 400932 -21 -21 
 39SE18 365918 -34 -34 
 39SE19 390949 -27 -27 
 39SE2 386941 -23 -23 
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 BGS BH Ref. 
Grid 
Ref. 
Base 
Crag 
Top 
Chalk 
   m m 
 TM    
 39SE21 393942 -26 -26 
 39SE30 399902 -29 -29 
 39SE31 373905 -35 -35 
 39SE4 351901 -27 -27 
 39SE40 356915 -30 -30 
 39SE5 351901 -26 -26 
 39SE76 361930 -17 -17 
 39SE79 388905 -21 -21 
 39SE93 376922 -28 -28 
 39SE94 393926 -22 -22 
 39SW1 348925 -27 -27 
 39SW10 334923 -17 -17 
 39SW11 349941 -36 -36 
 39SW13 306902 -6 -6 
 39SW75 340906 -22 -22 
 46SE37 471613 -47 NR 
 46SE38 463606 -47 NR 
 46SE42 474640 -46 -80 
 46SE118 474639 -45 NR 
 46SE121 474636 -46 NR 
 46SE125 476635 -50 NR 
 46SE127 474636 -46 NR 
 46SE129 474638 -46 NR 
 46SE136 475639 -46 NR 
 46SW2 444626 -34 -73 
 46SW7 410617   
 47NE3 455781 -32 NR 
 48NW10 431882 -43 -43 
 48NW11 413874 -59 -59 
 48NW12 405871 -32 -32 
 48NW13 412873 -11 -11 
 48NW14 420877 -18 -18 
 48NW16 406895 -32 -32 
 48NW20 419894 -15 -15 
 48NW21 419894 -19 -19 
 48NW33 413897 -18 -18 
 48NW5 417894 -17 -17 
 48NW6 410872 -10 -10 
 48NW7 425896 -21 -21 
 48NW8 414900 -13 -13 
 48NW9 412897 -18 -18 
 48SE4 472834 -40 -79 
 48SW22 437849 -18 -27 
 49NW11 424974 -18?? -55 
 49NW15 412950 -20 -20 
 49NW16 410966 -32 -41 
 49SE10 460943 -51 NR 
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 BGS BH Ref. 
Grid 
Ref. 
Base 
Crag 
Top 
Chalk 
   m m 
     
 TM    
 49SE2 492934 -60 -109 
 49SE3 463934 -37 -80 
 49SW27 419902 -16 -16 
 49SW28 419902 -12 -12 
 49SW30 426904 -22 -22 
 49SW35 423907 -20 -20 
 49SW36 443902 -44 -44 
 49SW37 424903 -22 -22 
 49SW38 433946 -42 -51 
 49SW40 404949 -20 -20 
 49SW41 446944 -44 -75 
 49SW43 402935 -34 -34 
 49SW44 402930 -35 -35 
 49SW45 433938 > -23 > -23 
 49SW70 421914 -17 -17 
 49SW72 421914 -18 -18 
 57NW31 502762 -48 -90 
 58NW16 523866 -56 NR 
 59SW53 538926 -67 -141 
 59SW54 519930 -74 NR 
 Quay lane 486776 -45 NR 
 Aldeby 452936 -29 -65 
 Bedfield 219668 17 17 
 Bungay 311910 -11 -11 
 Ilketshall 360875 -27 -27 
 Needham 235522 -24 -24 
 Rumburgh 347811 -12 -12 
 Shelton Green 242903 -15 15 
 
Sneath 
Common 153893 - 30 
 Stradbroke 231751 -29 -37 
 Winfarthing 092882 - 32 
 Wortwell 281858 - -5 
 Worlingham 453885 -30 -69 	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Table A – 4.2 
 
Borehole data used in Figure 6.9 to the east of Bramerton. BGS borehole reference 
numbers are used except for Aldeby which is part of the Environmental Agency data set 
(Appendix 3.4). Boreholes highlighted in yellow were drilled by the BGS and also 
reported in Nickless (1971), Hopson and Bridge (1987), Arthurton et al. (1994), 
Moorlock et al. (2000) and Rose et al. (2002). For details of the correlation section to 
the west of Bramerton see Section 5.2.4.1. All depths in metres to the nearest metre; 
NR= not reached. 
	  
No. Borehole Grid Ref Surface 
Base 
Crag 
Top 
Chalk Base 
1 TG20NE78/391 29600583 30 2 2 -13 
2 TG20NE45 29520523 32 NR NR 8 
3 TG30SW38 30790468 29 -12 -12 -64 
4 TG30SW3 30870420 26 -9 -9 -18 
5 TG30SW4 31340399 28 -12 -12 -29 
6 TG30SW8 31950242 31 -11 -11 -24 
7 TG30SW12 31970231 29 NR   -2 
8 TG30SW11 33010221 30 -17 -17 -31 
9 TG30SW14 34910107 26 NR NR -2 
10 TG30SE10 35110066 26 -41 -41 -47 
11 TG30SE11 35440057 26 -35 -35 -43 
12 TM39NE1 36169834 15 -23 -44 -61 
13 TM39NE7 36719687 9 -3 -49 -51 
14 TM39NE6 36729600 24 NR NR -5 
15 TM39NE3 37449598 26 -19 -55 -72 
16 TM39NE5 39259648 26 -33 -33 -55 
17 TM39NE4 39749660 21 -29 -36 -66 
18 TM49SW40 40449489 29 -20 -20 -50 
19 TM49SW133 40679487 29 NR NR 4 
20 TM49SW135 41799423 28 NR NR 1 
21 TM49SW38 43279463 28 -42 -51 -73 
22 TM49SW137 44129440 20 NR NR -7 
23 TM49SW41 44599442 17 -44 -75 -90 
24 Aldeby BH 45249362 7 -29 -66 -92 
25 TM49SE3 46279335 23 -36 -79 -91 
26 TM49SE8 46449326 23 NR NR -7 
27 TM49SE9 48319303 16 NR NR -6 
28 TM49SE2 49159341 2 -60 -109 -119 
29 TM59SE54 51879302 3 -71 NR -93 
30 TM59SE53 53809260 4 -69 -141 -554 
31 TM59SE6 55259370 6 NR NR -56 	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Appendix 5 
 
 
List of fauna recovered and identified from Subunit 2e at Blake’s Pit Bramerton by Dr 
P.E.P. Norton and R.A.D. Markham. 
 
Bivalves    Gastropods 
 
Macoma obliqua   Nucella sp. 
Mya arenaria    Littorina littorea 
Cyprina islandica   Neptunea (dextral) 
Macoma praetenuis   ‘Natica’ 
Astarte montagui   ? Bela 
Spisula sp. 
Mytillus edulis 
Phacoides borealis 
Macoma cf. calcarea 
Acila cobboldiae 
Yoldia myalis 
Cardium edule 
Serripes groenlandicus 
Chlamys operculis 
Pecten maximus 
? Modiola sp. 
Corbula sp. 
  Ensis sp. 
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Anglia. Quaternary Research Association, London, pp. 84–96. 
 
Riches, P.F., 2010. A review of Macoma balthica (L) as a stratigraphic marker in the 
Pleistocene sediments of the southern North Sea Basin. Proceedings of the 
Geologists Association, 121, 293 – 300. 
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1. Introduction
The Late Pliocene and Early to Early Middle Pleistocene
sediments of East Anglia, eastern England have had a major role
in the development of the Quaternary stratigraphy of Europe and
our understanding of aspects of environmental change for this
period (West, 1961; Gibbard et al., 1991; Funnell, 1995, 1998;
Gibbard et al., 1998; Rose et al., 2001; Rose, 2009). These
sediments are mainly shallow marine deposits and are known as
‘Crag’ (Taylor, 1827; Charlesworth, 1835). The use of fossils to
correlate the East Anglian Crag is constrained by the lack of
widespread and rapidly evolving forms. Fossilmollusca have been
used to indicate a relative age for the sediments but molluscan
records are possibly inﬂuenced by facies as much as by age. The
most well known of the molluscan stratigraphic indicators is
Macoma balthica which has been used to characterise the
‘‘Weybourne Crag’’ of Harmer (e.g. 1877, 1897, 1902, 1906) and
used as a First Appearance Datum (FAD) by Harmer (1902) to
deﬁne the ‘‘Weybourne stage’’ and by Rose et al. (2001), using the
work of Cambridge (1978), to deﬁne the ‘‘Wroxham Crag’’. The
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proposal that the sands containingM. balthica (‘‘Tellina solidula’’)
form theyoungest unit of theCragwas ﬁrst proposedbyWood and
Harmer (1868) and has been accepted by all subsequent workers.
Although occurrences of M. balthica are widely reported in the
Crag literature (Wood, 1851–1861; Wood, 1866; Wood and
Harmer, 1868, 1872–1874; Harmer, 1877, 1896, 1897, 1902,
1906; Woodward, 1881; Reid, 1882; Norton, 1967; Cambridge,
1956, 1978;Meijer andPreece, 1995), detailedworkbySpaink and
Norton (1967) has refuted many of these identiﬁcations on the
basis of their conchological diagnosis of fossil forms. Spaink &
Nortonbelieve thatmuchof the earliermis-identiﬁcationwas due
to confusion with other Macoma species, notably M. praetenuis
and they noted that this problem was particularly the case in
juvenile forms. However, this view, especially with regard to M.
praetenuis was not shared by everyone (Janssen et al., 1984,
referenced in Meijer, 1993). Unfortunately no detailed diagnoses,
comparable to that forM. balthica by Spaink andNorton have been
published for the two species with which M. balthica has been
confused: M. praetenuis and M. obliqua.
Since Spaink and Norton’s 1967 work, there have been a
number of papers published on phenotypic and genetic variation in
modern populations of M. balthica. These have considered the
extent and causes of morphological variation (e.g. Beukema and
Meehan, 1985; Kamermans et al., 1999; Azouzi et al., 2002;
Luttikhuizen et al., 2003b; Gantsevich et al., 2005), the genetic
variation (e.g. Meehan, 1985; Meehan et al., 1989; Hummel et al.,
2000; Luttikhuizen et al., 2003a,b; Va¨ino¨la¨, 2003; Sokolowski et
al., 2002, 2004) and mitochondrial lineages and species migration
(Luttikhuizen et al., 2003a; Nikula et al., 2007; Nikula, 2008). This
work has revealed a complex genetic and migration history and
provides some data on the wide variation in shell morphology
found in the modern species.
Currently, it appears that early Crag molluscan experts (e.g.
Harmer and S.V. Wood, Jnr) mis-identiﬁedM. balthica based on the
later species diagnosis of Spaink and Norton (1967). However,
Spaink and Norton’s work was predominantly on fossil forms and
work on living M. balthica populations, which indicates a
signiﬁcant variation in shell morphology, has been published
subsequently. Therefore this paper seeks to examine the robust-
ness of Spaink and Norton’s (1967) fossil species deﬁnition of M.
balthica in order to evaluate its use as a stratigraphic marker (FAD)
in sediments of Late Pliocene to early Middle Pleistocene age in the
southern North Sea Basin. Locations referred to in the text are
shown in Fig. 1. This review was undertaken as part of research
into the palaeoenvironmental history of Lower to early Middle
Pleistocene sediments of East Anglia in order to understand the
robustness of the correlation frameworks available for building
temporal-spatial interpretations.
2. Records ofMacoma balthica prior toMIS 12 (pre-Anglian age)
Records of M. balthica from the Crag are quite widespread,
particularly with reference to the northeast coastal and inland
areas of Norfolk. The deposits of these areas are known
respectively as Weybourne Crag and Bure Valley Beds (also known
as ‘‘Belaugh Crag’’) (Wood, 1866; Wood and Harmer, 1872–1874;
Harmer, 1877, 1896, 1897, 1902, 1906; Cambridge, 1978). M.
balthica is also recorded in the ‘‘Mammaliferous’’ Crag (Wood,
1851–1861, p. 231) and the Norwich Crag (Woodward, 1881). Reid
(1882, p. 17) stated that ‘‘Tellina Balthica [M. balthica], which
occurs, as Messrs Wood and Harmer have pointed out, in great
abundance at nearly every locality in the Bure Valley’’. Harmer
(1902, p. 448) states that ‘‘Tellina balthica’’ is found no further south
than Norwich. However, detailed work on fossil specimens by
Norton and Spaink (Spaink and Norton, 1967; Norton and Spaink,
1973; Funnell et al., 1979; Riches et al., 2008) suggest that a
number of identiﬁcations of M. balthica from Pre-Anglian-age
sediments are incorrect. Norton and Spaink (1973) conclude that
M. balthica only occurs in the ‘‘Baventian’’ age sands (Weybourne
Crag) of the northeast Norfolk coast. Funnell (1995) considers
these deposits to have been deposited during the geomagnetic
Olduvai Subchron (1.77–1.97 Ma). Spaink and Norton’s ﬁgured
specimen is shown in Fig. 2a. M. balthica usually occurs within a
relatively impoverished fauna in the Weybourne Crag (Meijer and
Preece, 1995) although as, at Sidestrand (Norton, 1967), it may be
the most abundant species recorded. However, subsequent work
by Norton (2000) has extended the presence of M. balthica to an
inland locality with its identiﬁcation in the sediments from the
Swaﬁeld borehole.
An overview of the stratigraphical occurrences ofM. balthica in
the southern North Sea basin is provided byMeijer (1993). Records
from boreholes in the Netherlands indicate M. balthica appears
during the Late Tiglian Substage of the Netherlands (Meijer, 1988;
Meijer, in Gibbard et al., 1991), but it is not common in the
Netherlands until the Noordbergum interglacial (Zagwijn, 1996;
Meijer and Preece, 1996). The records ofM. balthica in Pliocene and
early Pleistocene deposits of the Netherlands (Heering, 1950) have
been refuted by Spaink and Norton (1967).
Further a ﬁeld,M. balthica has been reported from sediments of
Calabrian age (Early Pleistocene) of Italy (Moroni, 1967 referenced
in Norton and Spaink, 1973) although the identiﬁcation is
questioned by Norton and Spaink (1973) on the basis of her ﬁgure
which they judge to beM. obliqua.M. balthica has been recognised
in the late Pliocene, Kap København Formation of North Greenland
(Sı´monarson et al., 1998) (Fig. 2b) and in the late Pliocene
[(Fig._1)TD$FIG]
Fig. 1. Map showing locations referred to in the text with a detailed inset of
locations in northeast Norfolk.
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Fishcreekian, Gubik Formation of Alaska (Repenning et al., 1987).
Funder et al. (2001) correlated the Kap København Formationwith
the Fishcreekian and dated it to c. 2.4 Ma on the basis of
foraminifera, reversed palaeomagnetism, amino acid analyses of
bivalve shells, ﬁrst and last occurrence of ostracods and small
mammals, and strontium isotope ratios of bivalve shells. The late
Pliocene age of the Fishcreekian in Alaska, which has been based on
similar criteria to the Kap København Formation, was contested by
McDougall (1995) largely on the basis of the benthic foraminiferal
fauna which she considered indicated a younger age of 1.7–1.2 Ma.
However, the fossil insect assemblage from the Kap København
Formation indicates a remarkably warm climate for the latitude
during the Pleistocene (Elias et al., 2006)whichwould also support
it having an earlier age of 2.5–2.0 Ma. Taldenkova (2000) records
M. balthica as questionably present in theMiocene of the Paciﬁc but
does not provide a reference. Petrov (1982, referenced in
Sı´monarson et al., 1998) records it from the Lower Pleistocene,
Olkhovian although Taldenkova (2000) does not. Records of fossil
M. balthica becomemore numerous andmorewidespread from the
Middle Pleistocene onwards (generally post-MIS 12) and are listed
in Sı´monarson et al. (1998), Taldenkova (2000) and Meijer (1993).
The genus Macoma is believed to have originated in the North
Paciﬁc during Miocene times (Durham and MacNeil, 1967;
Vermeij, 1989; Meijer, 1993) and to have migrated eastwards
into the North Atlantic, along with many other molluscs, following
the marine opening of the Bering Strait sometime after 3.5 Ma.
Meijer (1993) suggested that the apparently later arrival of the
speciesM. balthica in the North Sea may reﬂect a longer westward
migration along the northern coast of the Eurasian landmass.
However, Sı´monarson et al. (1998) consider the presence of the
[(Fig._2)TD$FIG]
Fig. 2. (a) Figured specimen of fossil M. balthica from Spaink and Norton (1967, Fig. 6a), (b) Fossil M. balthica from Kap København Fm. from Sı´monarson et al. (1998) and
Funder et al. (2001, Fig. 5F), (c) deformed ‘‘irregular’’ and (d)more common ‘‘regular’’M. balthica shells from60 mwater depth in Gulf of Gdansk (from Sokolowski et al., 2002,
Fig. 2). Scale bar applies to ﬁgures a and b, no scale was shown in Sokolowski et al. (2002) for ﬁgures (c) and (d).
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species in Greenland does not support Meijer’s view and they also
questioned its Paciﬁc origin.
3. Overview of recent work on living populations of Macoma
balthica
Modern M. balthica has a circum-polar distribution although it
maybe discontinuous in the Arctic. Its range extends southwards
from the Arctic to the Bay of Biscay in Europe and to South Carolina
andMonterey, California in North America. Modern populations of
M. balthica are generally found burrowing to depths from a few
millimetres to several centimetres in inter-tidal to shallow sub-
tidal, soft sediments. They have been recorded in water depths
down to 80 m in the Gulf of Gdansk (Sokolowski et al., 2004) and
270 m in the Beaufort Sea (Bernard, 1979).
From studies of present day populations it appears that the
phenotypic range of shell shape forM. balthica s.l. is quite large and
no simple generalisations can be made. However, there are a
number of observations on modern shell shape that should be
incorporated in any palaeontological deﬁnition of the species.
Within modern populations there are morphological differ-
ences which suggest that the generally much larger forms from
the southern parts of the east coast of the US may not be
conspeciﬁc with the European forms (Beukema and Meehan,
1985; Kamermans et al., 1999). The southern US form is now
recognised as a separate species M. petalum (e.g. Va¨ino¨la¨, 2003;
Nikula et al., 2007) although it is stillmostly referred toM. balthica
in the literature (Nikula et al., 2007). BeukemaandMeehan (1985)
also found that globosity varied with size in some, but not all,
populations, whereas Luttikhuizen et al. (2003b) found that
globositywas related toheight above lowwatermark. Shell length
varieswith age, butKamermans et al. (1999) showed thatwithin a
single age group within an area, the shell length could vary by a
factor of up to two. Azouzi et al. (2002) showed that shell length
was a function of position on the shore level and pore water
concentration within the sediment. Ejdung et al. (2009) found
that Baltic forms had more globular and heavier shells than the
ﬂatter and thinner North Sea shells (Fig. 3). Hummel et al. (1998)
found that the genetically distinct Pechora Sea variety had a
greater ability to grow to a larger size than other European forms.
Sokolowski et al. (2002, 2004) record an elongation and ﬂexure of
the posterior part of some ‘‘irregular’’ shells from the Baltic
(Fig. 2c). Their ‘‘normal’’ form fromthe samewater depth is shown
in Fig. 2d. The percentage of these ‘‘irregular’’ forms in the Baltic
populations tends to increase to a maximum of 65% with
increasing water depth. Sokolowski et al. (2002, 2004) have
suggested that this deformation is associated with higher trace
metal concentrations in the tissues and this may reﬂect adverse
environmental conditions such as hypoxia, hydrogen sulphide
content or elevated bioavailability of contaminants. Alternatively,
this deformation may reﬂect the damage to the organism from
siphonic cropping by predatorswhichwould, in turn, suggest that
the forms live at a shallow burial depth (Luttikhuizen, pers.
comm.).
Various workers have identiﬁed that M. balthica has a complex
genetic lineage (Meehan, 1985; Meehan et al., 1989; Va¨ino¨la¨ and
Varvio, 1989; Hummel et al., 2000; Luttikhuizen et al., 2003a;
Va¨ino¨la¨, 2003; Nikula et al., 2007; Nikula, 2008). This has
presented taxonomic difﬁculties in species deﬁnition and the
complex evolutionary and systematic diversity has been charac-
terized as the ‘‘M. balthica complex’’ by Va¨ino¨la¨ and Varvio (1989)
and Va¨ino¨la¨ (2003). Va¨ino¨la¨’s (2003) study of allozyme variations
and Nikula et al.’s (2007) study of mitochondrial DNA inM. balthica
s.l. conﬁrmed that the temperate US form should be recognized as a
separate species,M. petalum. Two deep genetic lineages have been
identiﬁed in the complex and are characterised by two sub-
species: M. balthica rubra which occurs on the northeast Atlantic
coasts, and M. balthica balthica which occurs in the Baltic Sea,
White Sea and on the northwest Atlantic Coast (Va¨ino¨la¨, 2003;
Nikula et al., 2007; Nikula, 2008). The shape and distribution of
these lineages is shown in Fig. 4. Somepopulations remain isolated
whereas others are connected by gene ﬂow. Interestingly, an
appreciable amount of genetic differentiation is maintained in
populations living within close proximity but in different
environments around the Wadden Sea in the Netherlands
(Luttikhuizen et al., 2003b).
Va¨ino¨la¨ (2003), Nikula et al. (2007) and Nikula (2008) have
proposed a series of trans-Arctic migrations of the M. balthica
complex during the Pliocene, Pleistocene and Holocene. Nikula
et al. (2007) and Nikula (2008) have assumed thatM. balthica rubra
diverged fromM. balthica balthica sometime between 3.5 and 1.95
million years ago as this spans the time of the opening of the
Bering Strait and the age of the oldest Atlantic basin fossil in
Greenland (taken from Sı´monarson et al., 1998) respectively.With
this age assumption they have then used a molecular clock to date
the four migrations from the Paciﬁc to the Atlantic:
(I) M. petalum 5.2–9.3 Ma
(II) M. balthica rubra 2.0–3.5 Ma
(III) M. balthica balthica (NW Atlantic form) 0.8–1.4 Ma
(IV) M balthica balthica (NE Atlantic form) Early Holocene
Although these migrations are considered by Nikula et al.
(2007) and Nikula (2008) to represent repeated unidirectional
invasions from a Paciﬁc stem lineage they also recognise that the
actual history may be more complex with, for example, regional
extinctions and two-way migrations.
Luttikhuizen et al.’s (2003a) mitochondrial studies and
molecular clock suggested that their Baltic Sea and Alaskan clade
(partially equivalent to the M. balthica balthica lineage of Nikula)
diverged from the northeast Atlantic clade (ﬃM. balthica rubra
lineage of Nikula) between 9.8 and 39 Ma, much earlier than that
suggested by Nikula and also preceding the opening of the Bering
Strait. Luttikhuizen et al. (2003a) suggested a divergence of the
White Sea populations (part of the M. balthica balthica lineage of
Nikula) from her French (Gironde estuary) population (part of the
M. balthica rubra lineage of Nikula) occurred between 0.71 and
2.63 Ma. However, both groups of workers agree that the invasion
of the Baltic Sea (Invasion IV of Nikula et al., 2007) was probably
during the early Holocene. Luttikhuizen et al. (2003a) concluded
that the pattern of contemporary genetic variations was consistent
with the inﬂuence of several glacial cycles and not just the result of
[(Fig._3)TD$FIG]
Fig. 3. Comparison ofMacoma balthica juveniles (ca. 1–3 mm long) from the. Baltic
Sea (left) and North Sea (right) (from Ejdung et al., 2009, Fig. 3).
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the most recent glaciation. They proposed three scenarios to
explain the pattern of divergent populations which have survived
multiple glaciations: (i) structured populations may have inhab-
ited a compressed southern distribution range, (ii) distinct and
isolated ancestral populations may have survived the glacial
advances in refugia, and (iii) distinct and isolated populations may
not have occurred contemporaneously and the current pattern is
the result of multiple colonisations. They concluded that the third
scenario was possible, but unlikely, and the data do no allow them
to discriminate between the other two possibilities. Conversely,
Strelkov et al. (2007) concluded from a study of the allozyme and
mitochondrial DNA data fromM. balthica in the White and Barents
Seas that the pattern they found implied a complex history of
multiple colonisation and hybridisation events occurring after the
last glacial period.
Clearly, the current genetic fabric ofM. balthica is very complex
and unravelling its history and implications for migrations during
the Pleistocene is still in its early stages. It seems unlikely that the
genetic complexity that has developed in the Holocene is unique
and that similar, but different, complexes could well have arisen in
the past but have not yet been detected. Unfortunately, there are
no published, detailed morphometric analyses of modern forms of
M. balthica s.l. that have been tied to the different genetic
populations.
4. Comparison of Spaink and Norton’s fossil diagnosis with
modern forms
4.1. General shape
The shape of the fossil forms illustrated by Spaink and Norton
(1967) and Sı´monarson et al. (1998) appear to show more afﬁnity
with European forms than those fromAmerica (Fig. 5). However, in
both the width:length ratio, convexity and length the Spaink and
Norton example appears to be a more extreme form of the
European populations. The ﬂexure in the posterior of Spaink and
Norton’s ﬁgured shell is similar to that of the ‘‘irregular’’ and less
common modern form recorded by Sokolowski et al. (2002) from
the Baltic (compare Fig. 2a and c). Moreover, ﬂatter and thinner
shells are found inmodern American populations, albeit somemay
be referred now to M. petalum. As Spaink and Norton (1967) state
that M. praetenuis is distinguished from M. balthica by having a
rather thin shell with ﬂat valves and that someM. praetenuis shells
‘‘approach rather closely to M. balthica’’, it is considered that the
general shape and thickness of shell are not adequate criteria for
deﬁning fossil M. balthica. Sı´monarson et al. (1998) observed that
M. balthica from the Kap København Formation differed slightly
from modern forms and particularly those from North America.
The shells and the hinges were more robust with more prominent
[(Fig._4)TD$FIG]
Fig. 4. Phylogeography ofMacoma supports a scenario of repeated trans-Arctic invasions from the Paciﬁc into the Atlantic. (a) Circum-polar distribution of themain haplotype
lineages found in the Macoma balthica complex and M. petalum. (b) The main mtDNA lineages in the M. balthica complex and M. petalum, depicted by a NJ tree based on
(uncorrected) p-distances. Circles encompass groups of individual haplotypes that were truncated for simplicity. The series of branches drawn with red represents the
assumed Paciﬁc stem lineage ofMacoma. Squares denote common ancestors of branching lineages. (c) A scenario of four unidirectional trans-Arctic invasions (I–IV) of theM.
balthica complex and its common ancestor withM. petalum from the Paciﬁc to the Atlantic to explain the phylogeographic structure. Assuming that invasion II took place 2–
3.5 million years ago (Ma) during the major trans-Arctic exchange, the other invasions were tentatively dated to have occurred 5.2–9.3 Ma (I), 0.8–1.4 Ma (III) and the Early
Holocene (IV). Coalescence analysis of the haplotype diversity and distribution in the trans-Arctic lineage d2 (red) was utilized in dating the latest invasion IV, which refutes
anthropogenic introduction of the M. b. balthica of NE Paciﬁc origin in the North European marginal seas (from Nikula, 2008, Fig. 3a–c).
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growth ridges although the right valve showed the characteristic
curvature. They also observed that the pallial sinus was shorter
than in modern forms.
4.2. Hinge plate
This is deﬁned by Spaink and Norton (1967) as being broad and
ﬂat with the same height before and after the umbo, whereas other
Macoma species have a narrow plate which is not ﬂat. In modern
populations ofM. balthica the hinge region varies signiﬁcantly, for
example, in some specimens the hinge plate is smooth and narrow
with teeth almost lying on the plate surface, whereas in others the
plate is bent with teeth forming more integrated objects
(Luttikhuizen, pers. comm.).
4.3. Hinge teeth
Spaink and Norton’s (1967) diagnosis of adult forms states that
the hinge teeth are ‘‘poorly developed or completely lost in the
adult’’ although they acknowledge that hinge teeth may be well
developed in juvenile forms. Norton (Pers. Comm.) considers that
this meant that the teeth had a tendency to be eroded off. Spaink
and Norton (1967) state that hinge teeth are present and extend
further down the hinge plate in other species of Macoma.
Gantsevich et al. (2005) found that well developed teeth are
the normal form (Fig. 6) inmodernM. balthica from the Barents Sea
although there was variation in form through to specimens
without teeth. Tebble (1966) and Ziegelmeier (1957) both include
teeth in their diagnoses of modern forms from British and German
seas.
4.4. Ligament groove and shape of posterior margin and posterior end
Spaink andNorton (1967) use subtle variations in these features
to distinguish M. balthica from M. praetenuis. There is little
information published on these features in modern M. balthica,
however the posterior ﬂexure in the valves shown in Spaink and
Norton (1967, see Fig. 2a) might be the result of environmental
rather than genetic factors, as discussed above.
5. Conclusion
The classic problem with the species concept in palaeontology
is the recognition and discovery of the phenotypic variation within
[(Fig._5)TD$FIG]
Fig. 5. Comparison of the shell height:length ratio (a), maximum length (b) and
width:length ratio from different populations of modern Macoma balthica plotted
against latitude. Small solid circles are European, small open circles are American
(from Beukema and Meehan, 1985, Figs. 2 and 3). The large open circle is derived
from the ﬁgured fossil M. balthica in Spaink and Norton (1967, their Fig. 6) and the
larger closed circles are derived from fossilM. balthica in Sı´monarson et al. (1998, p.
60). Data is not available for width:length ratio of Greenland material. The fossil
forms are also shown in Fig. 2.
[(Fig._6)TD$FIG]
Fig. 6. Close-up photograph of teeth in modern Macoma balthica from the Barents
Sea (photo courtesy of Mikhail Gantsevich).
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a species from an inevitably incomplete record. Modern day M.
balthica is euryhaline and has a circumboreal-subarctic distribu-
tion in the Northern Hemisphere and extends southwards to 438N
on the northeast Atlantic coast and to 338N in North America. It
also occurs in water depths ranging from inter-tidal to 270 m. By
comparison, the records of fossil forms from pre-MIS 12 age
sediments are limited to a few outcrops in a few areas and
represent a period of time of over 2 million years.
 The fossil evidence from Greenland indicates that M. balthica
entered the North Atlantic from the Paciﬁc around 2.4 Ma. This is
approximately 500 kyr earlier than has been envisaged in the
sediments of the southern North Sea Basin. Work on the
mitochondrial DNA indicates that the species has a complex
genetic lineage that probably reﬂects multiple migrations and
invasions of the Atlantic since the opening of the Bering Strait
around 3.5 Ma.Migrations and local extinctions of the species are
probably inﬂuenced by glacial-interglacial cycles.
 Modern forms of M. balthica have a much greater variability in
shell form than is envisaged in the palaeontological species
deﬁnition. The use of morphological criteria has not been
sufﬁcient for many authors to discriminate some modern forms
from the US east coast, now referred toM. petalum on the basis of
mitochondrial DNA and allozyme variation, from M. balthica s.s.
The relative contribution of the genetic and the environmental
factors to shell form are not fully understood. There is a need for a
comprehensive and statistical analysis of the variation in
morphological features of modern forms tied, where possible,
to genetic lineages, including M. petalum, so that the variation
can then be included in new species and sub-species deﬁnitions
of M. balthica that are robust for palaeontological purposes.
 The shell characteristics used by Spaink and Norton for deﬁning
fossil forms of M. balthica do not take into account fully the
variation seen in modern populations, and some of their criteria
are exceptional rather than normal in modern forms. Their
species deﬁnition may reﬂect a description of a common
phenotypic variation rather than characterise a distinct species.
 A comprehensive and statistical review of the variation in
morphological features of the fossil specimens referred to M.
balthica and to M. praetenuis and M. obliqua (with which it has
been confused) from a variety of geographical locations of
different ages is required for comparison with similar data from
modern forms in order to have conﬁdence in the palaeontological
deﬁnitions of these species.
 The combination of extensive morphometric studies on fossil
forms with those on modern forms which are also tied to their
genetic lineages could provide an improved framework for
calibrating and characterising the trans-Arctic migrations of M.
balthica during the Pleistocene.
 The morphological characteristics used to deﬁne fossil M.
balthica are not adequate and the form currently being used
by palaeontologists for a First Appearance Datum may be no
more than a variant. Until a comprehensive review of the
morphological variation in fossil Macoma species from the Early
to early Middle Pleistocene of the Southern North Sea Basin and
modern M. balthica is completed, the records of M. balthica
should not be relied on to have chronostratigraphic signiﬁcance
in the Southern North Sea Basin.
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